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PREFACE

The field of atmospheric electricity is one of the oldest branches of meteorological physics.
In its long history, it has ylelded a number of interesting results, including those which revealed
= o the existence of cosmic rays. In general, progress in the field has been slow and at times dis-
i couraging because of the very great complexity of the atmospheric processes which control the
2% electrical phenomena observed. However, within the last few years there has been a revival of
R interest in atmospheric electricity. The increased activity has been stimulated, in part, by im-
provement in methods of measurements and the opportunities to obtain data in the free atmosphere
remote from the surface of the Earth, in part, by the necessity of solving practical problems
attendent upon increased use of aircraft and rockets, and, in part, by the growing recognition that
electrical measurements may be sensitive indicators of meteorological phenomena.

Members of the staff and consultants of the Geophysical Research Directorate of the Air
Force Cambridge Research Center and the Office of Naval Research felt that the time was ripe for
a conference cn atmospheric electrical problems under the auspices of the American Geophysical
Union. The prime objectives of the Conference were to appraise the current status of the science
of atmospheric electricity and the arts and techniques related thereto, and to consider possible
pathways to fruitful future research. Incidental to this, the Conference aimed to bring together
key workers in the fleld from throughout the world in order that they might have the benefit of
personal acquaintance and in order that the science might benefit from cross-feriilization of ideas
that association might provide. To this end, arrangements for the meeting were made at a location
which would encourage informal discussxons and which would be somewhat removed from diver-
sionary activities.

These objectives were fully attained through the three-day conference at Wentworth-by-~the-
Sea, Portsmouth, New Hampshire in May, 1954. The feeling was expressed by some that by virtue
of this endeavor the science had gained two years or more in time.

A secondary objective of the conference, perhaps, more accurately, a by-product, is the pub-
lication of the conference proceedings including research papers, reports and discussions. The
research papers present a number of the most recent developments in the field. The reports re-
_— view past developments stating or restating the author’s views of .he present status of the field
and the outlook for the future. The discussions were spontaneous, and as given here were prepared
15 from a verbatim transcript, sharply edited, though retaining their verbatim flavor. It is realized

; that since the Conference was held, several of the papers have appeared in established scientific
il journals in a form similar to, if not identical to, the form of their presentation to the Conference.
In order that all the papers may be assembled under one cover they are again presented here. Be-

cause the present volume is a record of conference proceedings, the editors have accepted all
papers presented. In a few instances, errors have been pointed out to the authors but in no case
has a manuscript been refused if the author has not agreed to make suggested corrections.

The history of the conference goes back several years to plans laid by the late George R. Wait
» and by Samuel Coroniti of the Air Force Cambridge Research Center. Dr. Wait did not live to see
his dreain materialize. Howevey, his colleague Mr. Coroniti served the Conference as Project Sci-
entist for the Air Force, and was intimately associated with all phases of the work relating to the
Conference.

The Editors
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PROCEEDINGS OF THE CONFERENCE ON ATMOSPHERIC
ELECTRICITY, MAY 19-21, 1954

ADDRESS OF WELCOME TO THE CONFERENCE
P. H. WYCKOFF !

Geophysical Research Directorate, Air Force Cambridge Research Center 1
Cambridge, Massachusetts ]

On behalf of the Air Research and Development Command of the United States Air Force and ;
. the Office of Naval Research of the United States Navy, I would like to welcome you to this Con-
ference. Many of you have traveled from distant corners of the Earth to be with us today, and we

are very appreciative that you have considered it worth while to do so.

You may wonder why this Conference on Atmospheric Electricity was sponsored by two
pranches of the Armed Forces of the United States. It would appear at first thought that such a
subject would be far removed from the problems of the military services. During the last war,
however, the military services learned that science and modern warfare must go hand in hand.
The Blitzkrieg of yesterday has heen replaced by the Witzkrieg of today. It is only natural, there-
fore, that the military man must look to the scientist as a colleague for a solution of their mutual
problems. One of the fundamental fields where the military must rely upon the scientist is in the
scieatific evaluation of the environment in which aircraft are flown and battles are fought. In this
country we cover the entire field of the atmosphere and the surface of the Earth by the term ‘geo-
physics.” One important part of geophysics is certainly atmospheric electricity, and we {eel that
it is necessary to understand the role of atmospheric electricity in the Earth’s atmosphere in
order to understand the military problem of environment. Precipitation static isas much a prob-
lem of flight as turbulence and down drafts. Thunderstorms are as much a problem of safety as
fog and icing. As we will undoubtedlydiscuss at this Conference, we have found that atmospheric
electricity has contributed heavily to the general field of meteorology by furnishing the meteor-
ologist with a sensitive tool for defining mixing layers and as a tracer for 2ir masses. Those of
us who are working with the military feel that the contributions made by atmospheric eiectricity
have hardly scratched the surface. We realize that there is much yet to be done 2nd much mo:e
to be understood. We have asked you here today because we recognize that this group represents
the outstanding competency in the world today in atmospheric electricity. We feel that the future
of the science of atmospheric eleciricity rests within your hands, and that we can rely upon you
to guide us into those aspects of atmospheric electricity which will be the most fruitful from the
scientific point of view.

- Again, may I express our appreciation for your kindness in accopting our invitation, and we
hope that you will find these three days interesting and profitable to you and that you will enjoy
yourselves during your brief stay with us.
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THE PRESENT STATUS OF ATMOSPHERIC ELECTRICITY
W. F. G. Swann

Director, Bartol Research Foundation of the Franklin Institute
Swarthmore, Pennsylvania
Dinner Address, May 20, 1955

The subject of atmospheric electricity has, in the past, concerned itself primarily with three
sections: (1) The nature and origin of the atmospberic conductivity; (2) the nature and origin of
the potential gradiert, and the equivalent topic, the origin and maintenance of the Earth’s negative
charge; (3) the origin and nature of precipitation phenomena, thunderstorms, etc. Finally, it used
to be customary to include a fourih section under the title ‘The Penetrating Radiation.” However,
this last subject has outgrown ali of its relations in the last three decades, and has taken unto it-
self another and more dignified title, so that, under this title, ‘The Cosmic Radiation,’ it stands by
itself, concerned only with its own affairs and the cosmic phenomena of the universe. It lives in
a state of affluence supported by much money, and consorts only with the aristocrats of physics -
the nuclear physicists. We poor atmospheric electric physicists can hardly claim it any more as
a relative. We must be content with one another ana our old friends, the meteorologists, whose
popular representative is the weather man, for after all, the princes of cosmic rays give very little
to our science. It is true that out of their abundance they seem to support the conductivity over the
ocean, but to the conductivity on land they only make a token payment. It must be confessed, how-
ever, that we, the atmospheric -lectric physicists, give the cosmic ray people very little from our
own science.

I have been advised to keep this speech on the non-{echnical level, and the natural limitations of
time prevent my doing more than touching upon certain topics. Apart from a few remarks on meas-
urements in general,I must direct ~ttention tothe situation as regards atmospheric conductivity
and must make my main concern the origin and maintenance of the Earth’s charge.

To refer briefly to 2 matter having to do with measurements, one is conscious, particularly in
the early history of the subject, of many things masquerading as fundamental phenomena but which,
as a matter of fact, are, in the last analysis, merely the natural corsequences of the operation of
the laws of electrostatics. Thus, for example, neglecting the motion of electricity produced by air
currents, we may say that the fact that the conductivity increases with aititude automatically results
in the existence of a potential gradient which diminishes with altitude and this in turn, by the funda-
mental laws of electrostatics, results in the existence in the atmosphere, below the point at which
the potential gradient i3 small, of a positive charge equal and opposite to the charge upon the sur-
face of the Barth. The increase of conductivity with altitude is itself a primary pheromenon de-
pending upon such factors as the distribution of radioactive material in the atmosphere, the varia-
tion of mobility of ions with pressure, and so forth. However, with this variation of conductivity
established, the atmospheric charge distribation and the potential gradient variation foliow as an
inevitable consequence, and if we started with a condition in which there were no potential variation
and no positive charge, the flow of electricity itself would resuilt in the appearance of a positive

< charge aad of a variation of potential gradient with altitude.

Even today, a word of caution is necessary to the effect that, in appraising the relative signifi-
cance of atmospheric electric phenomena, it is important that we should separate things which are
more or less independent from those which are directly related by the known laws of electricity ana

® magnetism. Intimately related to this matter is that of the significance of instrumental measure-
ments. Frequently the relation of that which is measured to the fundamental quantity which it was
the intenticn to measure is not free from uncertainty,
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Thus, for example, a hemispherical mound a mile in diameter and half a mile high mi~ht seem,
superficially, to present a reasonably flat surface at the top, for potential gradient measurements.
However, since the field on the top of such a hemisphere, regardless of its dimensions, is three
times the field over a flat surface obtained when the hemisphere is removed, it is easily seen that P
=} serious errors may result from neglect of the inevitable implications of the fundamental electro-
static laws which govern this matter. Lack of sufficient care in a correct appraisal of the effects
of the atmospheric potential gradient in inducing charge on parts of the measuring apparatus has,
in the past, led to serious errors in the results obtained, errors which have sometimes masquer-
aded as fundamental phenomena of nature calling apparently for erudite discussicns as to their .
causes.

Atmospheric electricity is not the only science in which this kind of thing has happened. The
study of electrets has revealed phenomena which seem at first sight przzling, and indeed, have been
considered by some to be inconsistent with the laws of electrostatics, only to find that all is ex-
plained in a simple manner when the implications of these laws are traced.

Another matter which has hindered the interpretation of atmospehric electric data has been the
sensitivity of such data to local phenomena of such a nature that, through their complexity, it is dif-
ficuit to define the extent of cheir influence. Dust, smoke, sand, etc., have often been responsible
for yielding results which are of very little value as regards their interpretable significance.

Fortunately, the great oceans have provided us with a territory more uniform in their charac-
teristics and freer from undefinable local agencies than is the case with land ter-itories; and so
it has come to pass that ocean observations have tended to give us a clearer picture of the essen-
tials. Also, to some extent, observations at high altitudes, in spite of their difficuity, zre suscep-
tible of cleaner interpretation than are those at the ordinary ground observatory.

Atmospheric Conductivity--Atmospheric conductivity results from a balance between rate of
production of ions by ionizing sources and rate of dissipation of ions by recombination with one
another or with dust or other nuclei. With a wide degree of generality, we may assume that the
time rate of change of the number n of ions per cc of one sign is reiated to the rate of production
g per cc by the equation

=

dn'dt = q - an - Bn

The B8n term 1s frequently neglected in ordinary laboratory pheromena having to do with artificially
produced ionization, but in atmospheric electricity it plays a fundamental role. It is natural to at-
tribute this term to the presence of dust nuclei and the like. The matter is not as simple as might
at first appear, however, for even after such nuclei have been removed as far as it seems feasible
to remove them, there yet seems 2 limit beyond which 8 cannot be further reduced. Many years
ago, I played with the idea that the 3n term might arise from columnar ionization along the tracks
of the 1omzing particle, and indeed this idea has been developed by others since that time. However,
I was never able to convince myself of the harmonization of columnar ionizativn with the phenomena
observed in the case where the ionizing particles are electrons. I believe that the significance of
the Bn term calls for more study even at the present time.

The extent to which different ionizing agencies contribute to the conductivity has always been
a subject of primary interest. According te Prof. Victor F. Hess, Table 1 represents the contribu- <
tion to @, the number of 10ns produced per cc per second, by the various agencies referred to over-
land.

Table 2, due to Hess, 1s mteresting as indicating the variation of the rate of production of ions
by the various agencies, with distance from the ground over the relalively small range of one meter. M
Naturally, such data may be expected to be highly local in character,
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Table 1--Prod ction of ions near the Earth’s surface
over land in ion-pairs/cm< sec

Ionizer Ionizing rays Total
o | B8 ! Y
Radioactive matter
In the Earth 0 0.1 3.0 3.1
In the air T 46 0.2 0.15 4.9
Cosmic radiation ... .. .. 1.5
Total 9.5

Table 2--Production of ion pairs near the Earth’s surface

Distance .
from the Ion pairs = : :
surface o rays B rays y rays | cosmic rays
cm
3 3.58 2.18 3.76 1.96
100 1.76 0.47 3.21 1.96

Over the great oceans, ionization is primarily limited to the nosmic-ray contribution, so that
the rate of production of ions over iand is six times as great as the corresponding value over the
sea. The fact that the number of ions per cc over the ocean is fully half as great as over land calls
for a smaller value of 8 for the ocean than for the land. However, the relative magnitude of 3 neces-

sary to harmonize the land and sea ionization is one which seems reasonable in the light of the pos-
sibilities. }

Atmospheric contamination by atomic explosions--In view of the reiatively small ion content
of the atmosphere, and of the large amrint of radioactive material released in an atomic explosion,

it is interesting to inguire the extent t * zuch an expiosion can materially affect atmospheric
electric observations.

The whole of the atmosphere over the Earth contains normaily about 6 X 107 curies of radium
emanation and this is responsible for most of the ionization. Now, an explesion of a bomb of the
Hiroshima type puts into the atmosphere an amount of radioactive material which, measured in
curies, is about three times this amount 24 hours after the explosion. One week after the explosion
it is about one-fifth of this amount. A year after the explosion it is about 1./600th of this amount.

Now, of course, all of this radioactive material does not distribute itself uniformly immediately.
It probably goes along in very concentrated form following the direction of the air currents. There
seems to be a considerable amount of misunderstinding about this matter. I think, however, that
anyone who haswatched the dissipation of smoke from an airplane writing in the sky would have nodif-
ficulty in believing that if one released 100 captive balloons at an altitude of a few thousand feet, he
would not find them wandering off in all directions hither and yon, but wouid observe that they trav-
eled along more or less together in such fashion that even after a journey of many miles one might
expect to find them more or less clustered together or, at any rate, not very widely separated. It
is to be anticipated that the radioactive material will travel along in very much the same fashion,
so that whether or not it will constitute a hazard, will depend upon where one happens to be in rela-
tion to the wind currents and, of course,upon precipitation; for of there is no precipitation, the rays
from the radioactive material will be absorbed to a large extent before reaching the Earth.
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Most of the radioactive p:oducts from fission bombs have a short life and are not likely to con-
tar.inate the atmosphere for very long. However, in the case of the hydrogen bomb we are concerned
with trittium, which has a half life of 10,000 years. What becomes fixed, however, in building ahydro-
£en pomb of ass.gned energy yield is a certain minimem number of trittium atoms. If the process r
_s, let us say, ten per cent efficient,then ten per centof these atoms will be pumped into the atmos-
phere. Huwever, the very fact that the half life is so long - 10,000 years - means that the fraction
uf the total number of itoms which break up per second, and so the contaminatory effect on our ex-
seriments 1s not necessarily large. In addition to this, the range of penetration of the radiation from
trittium is very smail. The effect lasts a loag time, but physicists do not usually do experiments &
which last 10,000 years; only asironomers co that, and they do it in contemplation.

Of course, contamination over the sea tends to be rapidly disposed of by the products of con-
tarrination becoming spread throughout the volume of the ocean waters, so that their radiations can
not get through to the surface. Radioactive material deposited on land can be a more serious mat-
ter. Presumably, however, much of it would get into the air and in process of time this would dis-
appear aloft or become dissolved in the oceans.

The origin and maintenance of the Earth’s charge--I now turn to the ali-important question of
the Earth’s charge and its maintenance. The average value of the potential gradient at sea level is
of the order 120 V m. The potential gradient varies considerably over land, but over the great
oceans it is sensibly constant, and its average surface value is about 126 V 'm.

The conductivity of the atmosphere increases with altitude by a factor of 10 for an altitude
change of 7000 meters, and in this Conference we have learned cf data continuing the increase up
to much higher altitudes. The aititude increase of conductivity leads, through direct application of
the equation of continuity and the laws of electrostatics, to the conclusion that there should be a
positive charge in the atmosphere and that the potential gradient should decrease with altitude.
Both of these facts are confirmed by experiment, and the potential gradient at an altitude of ten
kilometers is only about two per cent of the sea-level value.

The average value of the surface current deasity is about 3 x 10716 amp,.‘cmz. The total nega-
tive conduction current from the whole Earth is about 1800 amperes. The rate of conduction of
electricity intc and through the atmosphere is sufficient to insure that 90 pct of the Earth’s charge
would disappear in about ten minutes if there were no means of replenishing the loss.

Theories of the maintenance of the Earth’s charge have divided themselves into two main cate-
gories: (1) those in which the whole mechanism of replenishment is to be found within the atmosphere
itself, or within the Earth, and (2) those in which it is supposed that negatively charged particles are
shot {rom ocutside though our atmosphere to the Earth,

A third type of theory has envisaged more drastic hypotheses according to which, by a very
slight modification of the fundamental laws of electrodynamics, a continual very slow rate of death
of positive electricity is maintained as a result of the Earth’s rotation, a death amounting to one
proton per cc per day. This would result irn building up 2 continually increasing surplus of negative
electricity were it not for the conduction current which carries it off into space.

Prominent among the first named category of theories are those involving precipitation, in which
it 1s supposed that through the agency of rain or other forms of pracipitation, or through associated .
Lightn.ng flashes, negative charge is brought down to the Earth against the influence of the electric
field, builds up thereon, and finally {lows oack into ana through the atmosphere in the form of the
atmospheric electric conduction current.

A somewhat different form of mechanism, praposed by Ebert, invoked the fact that ionized air, :
emerging from the pores of the Earth’s surface during periods of {ailing barometric pressure, comes
into the atmosphere with a net positive charge on account of the diffusion of the negalive iuns to the
walls of the pores. The positive ions were supposed to be carried upwards by rising air currents.
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The net negative charge on the Earth’s surface then built up a field which resulted in the usual

3 negative conduction current which passed into the alr, eventually to join with and apnul the positive
current arising as aforesaid,

sl

Precipitation theories were the first {o claim attertion. Such theories experienced cbstacles =
prominent among which was the fact that precipitation brought down charges of both signs and, 2
while the negative precipitation was ten times as large as was necessary to maintain the Earth’s
charge, there was an almost equal precipitation of positive charge, and the evidence of earlier
days seemed to indicate that the excess was in favor of the positive sign, that is, of the wrong sign
for purposes of maintaining the Earth’s charge.

i d

E

Another obstacle arose from the fact that precipitation theories resuiting, as they do, in a sepa~ _3-
ration of charges, with one sign remaining temporarily in the atmosphere while the other sign is =
deposited on the Earth, lead fo a condition in which the opposite charges remain bound to each other’s 2
vicinities. The negative density on the Earth is held bound to the positive in the atmosphere, and ro 5
surface charge or potential gradient is therefore to be expected outside of the region where precipi- >

tion occurs. This difficulty, which also affected the Zbert theory, became alleviated when the ef- !
fect of the high conductivity of the upper atmosphere became recognized. We have now, in fact, to a
recognize, to afirst approximation,two spherical conductors, the Earth’s surface, E, ard the so- &

N
i

called conducting layer, S. The displacement of charges in the atmosphere, or from atmosphere
to ground, sels up a difference of potential between these layers, a difference of potential which is
handed around to all parts of the Earth,

»,
»

Thus, some of the earlier difficulties confronting precipitation theories evaporated inthe light
of fuller considerations born of the existence of the conducting layer; however, during the period
in which it seemed that these difficulties might be significant, it became customary to seek for more

4
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drastic means of replenishment in the form of a compensating curresnt shot into the Earth from outer 3’3
space. At the time when such a proposal was made by G. C. Simpson, one shuddered at the tnought |

e

of the particle energies necessary to provide penetration through the atmosphere. However, the 2
development of our knowledge of cosmic rays soon taught us that this matter represented the least
of all obstacles to the acceptance of corpuscular replenishment., We are accustomed now to deal
in cosmic ray particles with energies hundreds or thousands uf times the value necessary for pene-
tration of the atmosphere. However, by the same token, our greater knowledge of these particles
has placed greater limitations upon the use which we may permit ourselves to make of them. We
now know the actual number of such particles entering the Earth. It is a hundred thousand times too
small to present any possibility of using the cosmic rays as a source of replenishment of the Earth’s
charge, and we have very litile reason to believe that we have missed a whole category of charged
particles. The only possibility in this direction lies in the supposition that particles of sufficiently
high energy would be undeteciable; and while there is some theoretical reason to believe that this
may be so, the necessity for invoking such a drastic hypothesis has passed. Superposed upon all
this is the fact that if we had a corpuscular current sufficient in amount to replenish the loss of the
3 Earth’s charge, the rate of productica of ions which it would be expected to produce in the atmos-
= phere would be 2 hundredthousand times that known to exist. I will not deny that it might be pos-
sible to doctor up the corpuscuiar hypothesis to meet the primary cbjections confronting it. How-
3 ever, in the light of the clarification of the whole picture as represented by precipitation theories,

the development of such theories to ihe point of eliminating the old difficulties which faced them,

and the fact that they permit an understanding oi ciurnal variation phenomena in 2 manner which,
- as we shall see, would present a very great problem for any theory based on an incoming corpus-
cular current, renders it undesirzble to pursue the corpuscular bypothesis further in this epoch.
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Having, therefore, discussed briefly the past history of the subject, let us take a fresh breath
and inquire how things stand today. In speculating upon the possibilities, two things emerge as of
outstanding signi{icance.

The first matter of importance is the existence of a conducting layer, S, which, with the Earth's
surface, E, constitute two spheres, each sphere being at a potential which is the same at all parts
but which, in the case of the conducting layer, may vary with time. It is not without interest to ob-
serve that if we were t . draw these two spheres on a piece of paper, it would be difficult to draw
a line so thin that its thicknesz was not too great to represent the distance between them.

The second matter of outstanding significance is S. J. Mauchly’s discovery to the effect that the
diurnal variation of the potentiai gradient follows universal rather than local time cver the oceans.
This means that apart from local effects, the maximum of the potential gradient always occurs at
the same instant at all places on the Earth’s surface. It is not without interest to inquire as to the
longitude for which this instant is local noon. It so happens that the longitude in question is the lon-
gitede of some place in California,

The dependence of the potential gradient upon universal time is something which it is almost
impossible to account for on the basis of an incoming corpuscular current of canstant intensity com-
ing from some place external to the Earth. Such an incoming corpuscuiar current of constant magni-
tude could only be consistent with a diurnal variation by the existence of a distortion of the conducting
layer, and a distortion which followed universal time. Thus, for example, if the conducting layer
were depressed downwards at some place, the potential gradient would become increased, since the
layer is at the same potential at all places. Such phenomena as atmospheric tides would lead only
to potential gradient variations which followed local time. The onlykind of what Umaycall pseudo-tide
phenomena which could give a potential gradient following universzl time in the light of the existence
of a constant total supply current is one where the radius of the conducting layer increased period-
ically with time znd equally at all places, and such a motion is not consistent with any known cause,
Even if it existed, there is no known cause which could determine its phase. Some years ago, I
made a suggestion to the effect that when the Sun was o3 rrhead at any place, the layer would be de-
pressed at that place, resuliing in an increase of potentia. zradient. Bere again, however, we have
a phenomenon which would follow local time,

A possibility intimately related to this idea and based upon a constant total current is the fol-
lowing. Suppose the electrical resistance per unit area between the conducting layer and the Earth
varies with time, and to different extents in different places. Then, since the potential of the con-
ducting layer is the same at all places at any instant, the conduction current density will vary from
place to place in inverse proportiorn to the resistance per unit area. If the resistance variations
referred to are confined to the higher altitudes, the potential gradient at sea level will vary propor-
tionally to the current density and so inversely proportional to the columnar resistance per unit area.
Again, in the normal course of events, we anticipate a variation of columnar resistance, and so of
potential gradient, which follows local time. However, by a rather far-fetched hypothesis, we can
secure conditions in which a component of the variation follows universal time, Thus, suppose the
«iteration in columnar resistance follows local time in a general way but that the extent of the vari-
ation depends upon local conditions. To take an exaggerated case, suppose that, at a certain longi-
tude, the resistance variaticn was mvuch greater than anywhere else, possibly on account of iocal
meteorological conditions; then, superposed upon the general local-time variations, we chould have
a variation following universal time.

It must be admitted that such avenues of escape from the difficulty such as I have here envisaged
are very specvlative, When, however, we give v the concept of a constant corpuscular current and
seek replenishment from the atmosphere itself, matters assume a much more natural roie. The
basic motivating cause which we now seck is one where the supply current varies with time, and so
determines a conductior current and a potential gradient varying with time.

Thus, to take an exaggerated case, suppose we have replenishment as a result of thunderstorms
occuring at one place on the Earth’s surface and that the thunderstorm frequency at that place follows
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cal time, Then the supply current will follow what is local time for that place, and so universal
(me for the Earth as « whole.

In the next simplest approach to a picture, we may imagine a condition in which thunderstorm !
activity could be divided into two components, 2 compoaent which was distributed uniformly over the
Earth’s surface, and a component of larger value contributed by the specialized region. The first
of these components would be expected to result in a potential gradient which showed no diurnal
variation, while the second would result in a diurnal variation following universal time. As regards
the second, we should have a maximum of potential gradient all over the Earth at the instant when,
in the specialized region, there was a maximum of thunderstorm activity. If, 12 hours later, there
were a minimum of thunderstorm activity at the specialized place, then at that time we should have
a minimum of potential gradient all over the Earth.

If there are two places where the thunderstorm activity has pronounced maxima and minima
12 hou. s apart, then we shall still get a net potential gradient variation which follows universal time.
Of course, if all places are equally faveored as regards thunderstorms, the potential gradient will
show no *ime variation at all.

We could secure a 12-hov~ period by supposing conditions in which, at the specialized r'ace,
there was a 12~hour period in thunderstorm activity., However, the fact that the 12-hour p« .od
seems to be absent over the oceans, and at the top of the Eiffel Tower, for example, where we are
well removed from the complicated meteorological condi.inns associated with the Earth’s surface,
these facts invite the supposition that no more complicated assumption than that of the 24-hour
period in the thunderstorm activity is necessary to account for the facts.

st SRR RS S S e S

Now, that the basic ideas underlying the foregoing considerations are in line with the facts is
borne out by the fact that the total thunderstorm activity does follow roughly a 24-hour period in
universal time, and by the further fact that the time of maximum thunderstorm activity corresponds
to the time of maximum potential gradient,

s o g gy

I have already referred to the fact that maximuwm potential gradient occurs at a time when it is
noon in California. I do not wish to attach too much significance to this matter. However, it is
evident that an important field of activity is to be found in the correlation of thunderstorm activity
with atmospheric electric data, with special attention to the frequency of occurrence of thunder-
storms at different parts of the Earth’s surface, and to the seasonal and similar variations of thun-
derstorm activity in different places.

o
&

The situation presented by a thunderstorm is, I believe, typically one roughiy represented by
an electric doublet in the atmosphere, the positive charge being on the top and the negative charge
below. For complete electrostatic considerations we have to envisage the images of this doublet
in the Earth below and in the conducting layer above, The net result is that we have negative elec-
tricity streaming d- wn to the Earth below and positive electricity streaming up te the conducting
layer, where it spreads out, as does the negative charge on the Earth, to the extent necessary to
insure constancy of potential for each sphere. The potential difference thus established between
the two spheres then sets up the atmospheric-electric conduction current.
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] A lightning discharge at any place on the Earth’s surface might well be detectable at any other
- part of the surface, Thus, a discharge of 30 coulombs would change the potential difference between
2 the Earth and the conductii ; layer by §V, where

8V = [30 x3 x 10947 h) /4 mr2] x 300 volts
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where n is t}g’e height of the conducting layer, and r is the Earth’s radius. Putting h ~ 50 x 105;
r = 6.5 x109,
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§V ~ 30 x 3 x 109 x 50 x 105 x 300/4 x 1017
~ (1/3) x 103 volts.

Even if this were distributed sensibly equally throughout ten kilometers, it would amount to
0.0003 V/cm. Such a voltage should be detectable by radio methods, but in view of the large num-
ber of thunderstorms occurring per second, the problem of disentangiing the s2parate siorms
presents very serious difficulties.

The thought that atmospheric electric phenomena find their origin in the atmosphere itself
naturally invites an attempt to balance the various sources of contribution and see whether they add
up to zero. Data to this effect have been obtained by Dr. Wormel, who finds, for supply o{ positive
electricity to the Earth, the contributions shown in Table 3 from four sources, (1) the ordinary atmos-~
pheric electric current, (2) precipitation, (3) point discharge below clouds, and (4) lightning.

Table 3--Contributions to the supply of positive

E.'-zg electricity to the Earth

:‘i

ded Source | Contribution

A coulombs/km2 year
Corduction current 60
Precipitation 20
Point dizcharge -100
Lightning -20

These do not add up to zero but to -40 Coulombs/km2 yr, However, the average data for the
oceans seem to reveal a conduction current nearly twice that assumed by Wormel, and I believe
that the consensus of opinion is that the large point discharge current is not really representative
of the Earth as a whole, including the oceans, We are fortunate in having Dr, Wormel with us, and
doubtless it will be possible to iron this matter out.

Conscious of the fact that the thunderstorm contribution to the Earth must be the negative of
the thunderstorm contribution to the conducting layer (since the total contribution must be zero) and
recognizing that it is easier to make measurements over a thunder cloud than beneath it, Drs, Gish
and Wait, by measuring the conductivity and potential gradient over thunder clouds, have sought
to ascertain whether, indeed, the total current from all thunderstorms can provide a balance to the
conduction current, They have, in fact, asked themselves the question of how many thunderstorms
must be going on at any one time all over the Earth in ocder to supply to the conducting layer a cur-
rent equal and opposite to the atmospheric electric current.

As a result of measurements on some 21 storms, they arrive at a figure between 0.5 amp and
0.8 amp as a typical thunderstorm current, Taking 1800 amp as the total conduction current, *he
number of thunderstorms per second necessaryto compensate the conduction current turns out to be
2200if we take the larger current (0.8 amp)and 3600 if we take the smaller value (0.5amp). These val-
nes for the number of storms are greater than those sometimes quoted, values of the order 1800. How-
ever, a consideration of all circumstances makes it not unreasonable to contemplate a value as high

as 3600. At any rate, these considerations serve to illustrate the necessity of securing more data 1
in this very important field.
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SYNOPTICAL RFESEARCHES ON ATMOSPHERIC ELECTRICITY

H. Israél

Tl et | MR TACH M IO |11 | i

1 Meteorologisches Observa.orium
Deutscher Wetterdienst
E B Aachen, Germanry

Abstract--Our views on atmospheric-electric phenomena and their causes have under-
] gone considerable changes in recent years. This is particularly true with regard to the
clarification of meteorological infl:ences on aumospheric electricity. Every weather che-
nomenon involves meteorological processes which have electrical effects. Partly these
processes act as ‘generators’ producinig atmospheric-electric counditions; partly their ac-
tivity as ‘variable circuit elements’ influences the electrical state of the atmosphere.
This close relation between meteorology anu atmospheric electricity, correctly recog-
nized today, suggests the widening of work in the field of atmospheric electricity towards
synoptic research. Two meteorological-electrical steering processes exist: the ‘thun-
derstorm regulation’ of world-wide scope, and the more local ‘weather regulation.” Cor-
respondingly one may distinguish between a ‘large scale air-electric synopsis’ and a
‘small scale’ one. By way of a few examples, our present experience with air-electrical
synopsis as well as its capabilities are discussed. Some thoughts are brought up for dis-
cusstioin icéoncerning the further development of the synoptic approach in atmospheric
electricity.

NPT O (T

Introduction--The problem of the extension of atmospheric electrical work in the direction of
synoptical measurements has become increasingly important in recent years. This is partof a
broader problem: the search for the roots of atmospheric electrical phenomena.

Fifteen years ago I was present at a meeting where the question was argued Does the study of
atmospheric electricity belong to meteorology?’ This difficulty in classification originates in the
fact that the atmospheric-electrical phenomena have both local and global characteristics, that
means, one finds simultaneous local and global regulating effects [ISRAEL, 1950].

TS b T

Investigations during the last few decades have removed this classification difficulty and have
led to the now well -known conclusion that the roots of the atmospheric electrical manifestations
lie entirely in the field of meteorology. Both of the regulating mechanisms, those that vary from
place to place and those that are the same over the whole globe, are of meteorological nature.
These mechanisms differ only quantitatively in their operation and thereiore in their radius of in-
fluence [ISRAEL, 1952ab]. This association between atmospheric electricity and meteorology,
today generally accepted, opens the door to new methods and ideas in the work on these phenomena.

7
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working in the field of geophysics is, as you know, quite different from that in the experimental
physics. If we expact relations between physical quantities, we cannot make experiments, but we
must look for correlations. This involves methods of statistics. The original discovery of the
cause of the global daily variation in the electric field is a good example of the use of this method.
The next step is to discover methods to eliminate random results. It is suggested that this can be
done by comparing the results of simultaneous measurements at several stations, that is, by means
of the synoptical method. The classical example of this is the study of meieorology itself, where
the terminology originated and where climatological and synoptical studies have for many years
occupied coordinated positions.
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In the field of atmospheric electricity, up to thé present time, it has been possible to use only
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» . Le statistical-climatological methods, because a development or expansicn in the synoptical d.rec-
] tion is possible only after a clarification of the basic correlations between the two branches of the N
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meteorology and the atmospheric electricity. With this clarification and the removal of some fur-
ther problems of weasuring methods which prevented sucl. a developmient hitherto, it is possible
today, yes, necessary, to place the atmospheric-electric climatology side by side with an atmos-
pheric-electric synopsis. T would like to discuss in the following the possibilities of the synoptical

method and to present some practical experiences in this field. At the conclusion I would like to 7
present for discussion several ideas and suggestions for the practical development of this method.

Atmaspheric-electric synupsis

=)

Jeneral conceptions--The influence of the weather on atmospheric-2lectric raenomena may
be divided in two groups: We can distinguish between the gzenerators, which create the electric
field, and the variable circuit elements which influence the behavior of this electric field. Ina
thunderstorm, a cloud from which rain is falling, in general all motion of charges due to non-
electrical forces belong in the generator group. On the other hand, smoke trails, smog in large
cities, air-mass variations, or any condition having to do with variation in the aerosol content of
the air, are considered as variable circuit elements in the atmospheric-electric circuit. This is
generally spoken without regard to the electric space charges, which may be seen as a kind of
transition between these two groups. When the space-charges are moved by non-electric forces,
for cxample by wind or eddy diffusion, we have a generator.

Experience has shown that we must distinguish between two atmospheric generator groups:
those that have global effects, and those whose radius of activity is limited to a smail region
[ISRA}:.L 1955]. For example, thunde.storms have a global influence on the atmospheric-electric
field, where as 2 mist or non-stormy cloud generally influences the field only locally. In the
second group, the variable circuit elements, the consideration as a rule can be limited to the im-
mediate vicinity of the disturbance. The effects of eddy diffusion on acsrosols for example will in
general be limited to this region of diffusion {ISRAEL, 1951).

If we speak now about svnoptical study of atmospheric electricity, we have to remember the
two possibilities of influences we mentioned before: According to this the objectives of the two
branches of the synoptical study of atmospheric-electricity are different. The first is concerned
with global influences and seeks to determine the thunderstorm activity in various parts of the
world and to determine the variation in thunderstorm activity from day to day. The other is limit-
ed to a smaller region and sezks in detail the correlation between local weather developments
and the atmospheric-electrical conditions. In other words, we can differentiate between large-
scale and small-scale atmospheric-electrical synopsis. The former requires a network of stations
of continental or global magnitude, whereas the latter requires a station-network of much smaller
magnitude, that means, one would seldom cover more than 3000 or 4000 sq mi or 10,000 sq km in
the latter case.

It is well known that important conclusions about the inner correlations between two geophysical
branches can be drawn when daily variations of the elements in question are compared. For this
reason, one should also pay attention to the variations of atmospheric-electrical elements in a 24-
hour period in synoptical atmospheric-electrical studies. (It is certainly not just a coincidence
that the synoptical study of atmospheric electricity began with a comparison of daily variations.)

In determining the localization of stations required, one must remember that the daily varia-
tion of the exchange layer is an important factor influencing the atmospheric electricity. There- )
fore, depending upon our objectives, we must seek out or eliminate regions affected by such ex-
change. In a g:obal large-scale synoptical study it is necessary to avoid such exchange influences
by placing the stations either on the oceaa or on a high mountain. For the small-scale meteoro-
logical-atmospheric-electrical synopsis, the stdtions would be suitably placed inland where the
lower atmospheric layers can hest be studied [ISR.AEL 1954].

These reflections lead to an old point of controversy, namely whether or not we have ‘undis-
turbed days’ in atmospheric electricity and, if so, how they should be chosen. As has been shown
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previously, there is no satisfactory answer to this question because the question is stated incor- )

rectly [ISRAEL, 1948]. The generally recognized important close association to meteorology for- j

bids the striving toward an abstraction of its effects. More often the problem at hand will determine
t the conditions under which the study should be made. I shall give three examples of this: For
studies not immediately concerned with generator effects, as such, one should try to avold condi-
tions or regions of generator action, that means, conditions of precipitation and thunderstorms.
Second, if the exchange influences are to be studied, then we must try to eliminate the global effects. ’
Third, if the global thunderstorm activity is the objective of investigation, local effects should be ]
avoided. 3

Now we have to consider another important problem. Speaking of a synopsis, we must be

clear that synoptical work involves expansion as well as extension. We must expand by having a
network of stations and we have to extend by measuring more than one element. An electric cir-
cuit cannot be ronsidered if one measures only the potential difference, the current, or the re-
sistance alone. Similarly, we cannot be satisfied if we record the potential gradient, the air-earth
current, or the conductivity alone. We must measure at least two of the elements as many Amer-
ican investigators have done for decades.

By recording one element only we cannot separate influences originating from local and from
globai effects. I give one example: a wariation of the potential gradient may come from a nearby
chimney or from a variation of the thunderstorm activity in Southern America. To get an analysis
we must without any doubt know at least two elements.

The application of radio-sondes in determining the atmospheric-electrical elements in the
free atmosphere is another tool in atmospheric-electrical synopsis. The apparatus for ground as
well as for radio-sonde measurements has already been developed [KASEMIR, 1851; KOENIGSFELD
and PIRAUX, 1951; and others].
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Examples for synoptical work--As a first example I have chosen the results of a previous in-
vestigation by the Carnegie Institution. Even though the results were developed from a climatologi-
cal-statistical basis, they lead directly to a synoptical approach. Figure 1 shows the atmospheric-
electrical potential gradient and thunderstorm activity as a function of the GMT period and shows
the association between the peaks of the potential gradient curve and tl.e peaks of the thunderstorm
activity over several continunts. %

In Figure 2 the daily curves of the poten- \

tial gradient over the ocean show a systematic
seasonal variation. From Figure 2 we notice
that the maximum between 6h and 10h at mid-
year is more pronounced. Since this maximum
occurs at the same time as the maximum thun- T~
derstorm activity over Asia and Australia, FEB.-APR
this difference evidently points t¢ a correspond- -
ing variation of the number of thunderstorms in 30
this area, which will depend upon whether the

dry or wet season prevails. It is only a very

small step from this result to large-scale = \
synopsis. /
As a farther example, (also based upon \/ /

the work of the Carnegie Institution), we will
consider the parallel investigations conducted MAY ~Juc,
at Wathieroo (West Australia) and on the ocean,
which were undertaken to determine the ‘co- 30

lumnar resistaace’ and its daily variation
[WAIT, 1942]. /

Figurezs 3 and 4 show an example of 0
large-scale synoptical studies on nountain- y
tops. Figure 3 shows the daily variation of /—/
the potential gradient, air-earth current,

h=]

and conductivity at two stations, about 400 . Ave.moen
km or 250 miles apart, atop the mountains i
Jungiraujoch (3470 m) and Sonnblick (3100 m) 5,
in the Alps, for some days of simultaneous [
readings in the fall of 1950. Figure 4 shows / N
two days of these recordings. In both figures ] \
one can see the close agreement between the 4 /
two curves. Since these readings were taken / \
at a height which is not affected by the varia- N
tion in daily exchange, these curves indicate NoOV-FEB.
that large-scale influences are apparent. It ~30!
follows that we caa expect the investigations
on mountaintops of suificient height to be as Fig. 2--The daily variation of the potential
useful for the study of global effects in the gradient over the oceans during the four
atmospheric electricity as investigations on seasons [PARKINSON and TORRESON, 1931]
the oceans.

Figure 5 indicates an example of a small-scale atmospheric-electrical synopsis. One sees !

the variation of the atmospheric-electrical potential gradient at three stations lying on a straight
line about 130 km or 80 miles long (Buchau - Tiibingen - Stuttgart) [ISRAEL, 1952b]. One can
clearly see that the nature of the daily variations at all three stations is identical: A double-per-
iodic curve was indicated at all three stations on July 3, and a single-periodic curve on July 5. The
small amount of information gathered during these seven days does not allow us to draw any detailed
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Fig. 3--The diurnal variation of the potential gradient, the air-earth current,
and the conductivity at Jungfraujoch (3470 m) and Sonnblick (3100 m) in the
Alps for simultaneous readings during some days in 1850
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conclusions, but it is evident that we are dealing with meteorological effects of large and small
amplitude resulting from eddy diffusion. It is interesting to note that the type of variations is
stmilar in the rural station at Buchau and the city stations at Tubingen and Stuttgart. This shows
that in such studies, we can use stations in or near cities with some caution.
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120%
100
80%
802 -
40% 40%
1202
7002,
80%
——~—Buchau a.F
~—-.=Tabingen 4 602
Stuttgart
ir,w:’c
] 6 12 18 24

Fig. 5--The daily variation of the potential gradient in southern Germany at Buchau
a.F., Ttbingen, and Stuttgart; simultaneous readings, July 3 and 5, 1951

To complete this example, Figures 6 to 8 show the potential gradient, air-:arth current, and
conductivity over a longer period of time at Buchau. The variations from day to day can be seen.
I do nct wish to g5 into more detail until further study with simultaneous readings from another
station 20 miles away has been completed. 1 show these figures because the variations from one
day to the next indicate the possibilities which are contained in the synoptical atmospheric-electric
method of approach.

Conclusion--I have hoped to show the nature and some of the {first results of the synoptical
method in atmospheric-electrical studies with these examples. These examples must suffice since
further investigations of this nature are yet to be conducted. However, such studies are already
under way in the United States of America, and with the assistance of the Air Force Research and
Development Command I will conduct similar studies in the Alps.

I would like o draw some conclusions from the above examples and present them for discussion.
The extension of atmospheric-electrical studies in the synoptical direction requires the continuous

-}
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Fig. 8--The variation of the potential gradient, air-earth current, and the
conductivity at Buchau a.F., September 1-10, 1953

cooperation of the participating stations. For small-scale atmospheric elecirical synopsis this ex-
tension can be accomplished by organizing meteorological observation in the respective countries.
For large-scale atmospheric electrical synopsis the situation is somewhat more difficult. Team-
work on an international basis is required,

I would like to suggest that we strive toward a closer cooperation between the zimospheric-
electric stations over the globe. I believe that we should discuss how such coordination could best
be undertaken. I would be very happy if the above procedures open the way for new methods and
applications of atmospheric electrical studies. Andinconclusion I would like o point out that the
coming International ffeophysical Year will present particularly favorable conditions for the exten-
sion of atmospheric-electrical studies by the synoptical method.
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STUDY OF THE VARIATION OF POTENTIAL GRADIENT WiTH ALTITUDE
AND CORRELATED METEOROLOGICAL CONDITIONS

L. Koenigsfeld

Institut Royal Meteorologique de Belgique
Uccele, Belgium

Abstract--The variation of potential gradient with altitude has been observed during
28 soundings at Uccle between December, 1953, and April, 1954. The patterns of poten-
tial gradient are found to correspond to meteorological corditions during the soundings.
In particular, the type of air mass has an important influence on the potentiai gradient.
The possible future use of atmospheric electrical measurements in meteorclogy is dis-
cussed briefly.

Introduction--There have been very few measurements of the potential gradient as a function
of altitude until the present, and these measurements have been made intermittently and without
coordination. We have had the opportunity to make such measurements with regularity by means
of a simple method which has been described previously [KOENIGSFELD, 1951]. It has been our
puarpose to carry out the measurements in different air masses both by day and by night and to
study the variations in the potential gradients as a function of metecrological conditions.

All of the results have been cbtained with modified English radiosondes of type MK II. The
four elements used permitted the measurement of temperature, pressure, humidity. and potential
gradient. The modification of ihe sonde for use with four elements consisted simply in changing
the contactor adapted to the weather vane. The fourtk element designed for measurement of the
potential gradient employs a triode. The flament-grid current of the tube changes the seli-induc-
tance of an iron-core coil which modul..tes the frequency of the transmitted signal [KOENIGSFELD,
1951, 1953]. The filament grid curreat is controlled by the difference of potential between two
radiocactive collectors (potential equalizers) with approximately one meter vertical separation, and
connected respectively to the filament and plate of the triode.

Calibration--in order to calibration the instrument we have proceeded in two different ways.
The first procedure consists in applying a potential difference between the potential equalizers and
measuring the corresponding signal frequency. We thus obtain a curve of frequency as a function
of the appiied potential difference. The second procedure consists in suspending the radiosoncde by
a nylon cord under a korizontal grid about ten square meters in zrea and about two meters abisve
the ground. An artificial electric field is established with the grid positive and the ground negative.
The variatior in the frequency of the transmitted signal is observed as the {ield is changed. The
two methods used gave the same resuit. We were thus able to show that the radiosonde measured
the field created between grid and ground.

Mounting the instrument for flight--Below the balloon {2000 or 750 gr) we suspended a para-
chute atizched by means of a 100-meter cord containing scveral polystyrene iansulators. A 100-
meter cord was chosen for two reasons: (1).to have the radiosonde outside the influence of the
electric charge on the balloon, and (2) to have the radiosonde far envugh away from the balloon so
that the apparatus would not swing too much due to the rapid ascent of the balloon in a turbulent
atmosphere.

On several occasions we have measured the electrical field below the balloon and have found
no distortion of the field. The bal.oon must be #ithin 20 meters of the sounding apparatus in order
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to observe a distortion of the field due to the charge of the balloon, which sometimes has a rather
large charge after inflation. We are thus confident of the reliability of our measurements.

Results of the soundings--During the period from December 16, 1953 to April 26, 1954, 28
soundings were made. Nineteen soundings were made during the day at 14h 00m and nine at night
at 92h 00m. We have consistently attempted to find different air masses with distinguishing char-
acteristics. Accordingly, ten soundings have been launched during the passage of fronts and five
others during stable anticyclonic conditions,

In order to limit the number of graphs, we shall confine ourselves to an examination of three
soundings (Fig. 1, 2, and 3) which appear to be the most characteristic and which confirm nearly
all of our conclusions.

Explanation of the graphs--On each figure the potential gradient (increasing from right to leit)
in volts per meter, the temperature, and the relative humidity in per cent are given as abscissas.
The altitude in meters and the pressure in millibars are given as ordinates. The temperature is
glven as a function of pressure, In the dashed curve we have traced the rise of the balloon as a
function of time. The potential gradient is plotted as a function of altitude. 7 he moist and dry
adiabats are also shown. At the bottom of the plate, the record of the potential one meter above
the ground is recorded throughout the day of the ascensions to indicate the state of electrical
activity at the surface. A scale of 100 or 200 volts is given. Finally, in order to indicate the gen-
eral atmospheric situation we have reproduced the meteorological map for the hour nearest the
time of the sounding (13h for the soudding at 14h and Oh for the sounding at 2h).

In the case of the sounding of April 26, 1954 (see Fig. 1), we are dealing with a continental air
mass, the sky is calm and we have the best condition for a normal distribution of the electric field
in the atmosphere.

The electric field at the ground is normal, that is, ofthe order of 100 V/m. It is seen that in
altitude the electric field increases progressively up to the level of maximum humi lity and de-

R creases rapidly with weak fluctuations. It is noteworthythat even in a calm atmosphere, there is
5 '!;3 a sharp increase in the potential gradient around -30° to -33°C; the same phenomena has been

found in the case of most of the other soundings. A slight increase in the potential is also evident
in traversing the stratosphere; after this the potential gradient varies rather little over a range
from zero to ten volts per meter.
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In the case of the sounding of February 24, 1954, at 14h (Fig. 2), launched at the time of the
passage of a cold front, the atmosphere was more disturbed than in any of the other cases recorded.
The potential gradient at the ground is very high, reaching +400 volts at certain times but decreas-
ing rapidly and even reaching -150 volts before the passage of the front. We see again that the po-
tential increases rapidly with aititude reaching 350 v/m in the lowest fracto-stratus and cumulus
clouds; the potential gradient does not return to its normal value, but remains very high and vari-
able. We note a sharp increase in the potential gradient, about 45v/m at -32°, Even beyond the
stratrsphere we have very abnormal variations of the gradient,

A sounding was made about 12 hours after the preceeding, at 02h, February 25, 1954 (Fig. 3).
At the ground the potential gradient is weak or negative. It was -10 volts/meter at the time of
launching. The gradient increased abruptly with altitude, reaching 450 v/m as in the preceeding
sounding. There is a sharp decrease near 1000 m followed by an increase to 300 v/m at about
1300 m. Up to this level the sounding resembled the preceeding sounding. However, above this
level the gradient decreased rapidly becoming normal or even weak as in all night soundings. We
note that the great jump at ~32° is still visible but only four volts/meter.

It would seem that equilitrium . re-established during the night and that gradient becomes
much more stable and weaker above 2020 m. Moreover, this is the main difference between day
and night soundings.
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General conclusions--The following conclusicns are reached:

(1) The potential gradient increases in general from the ground up to tie first cloud layer, at
which level the maximum is reached.

(2) Even if the sounding apparatus passes through a calm region, the maximum in the potential
gradient is always located at the level of the lowest clouds.

(3) The positive field existing between the ground and the lowest cloud layer is probably due
to the air masses in the upper atmosphere since we find the same charge during our night sound-
ings, which oiten go to even greater height whereas equilibrium seems to be established in the
upper layers where the potential gradient is smaller and less disturbed. It seems that the potential
gradient reaches equilibrium near the ground.

(4) At altitudes higher than the strato-ohere, there is often a slight increase in the potential
gradient and the variations are very weak, between zero and ten volts per meter.

(5) An increase, often very marked, of the atmospheric potential gradient has been observed
at a temperature of about -32°C, but less frequently at -40°C.

(6) The air mass markedly influences the value of the potential gradient.

The importance of the potential gradient from the meteorological point of view--We may ask
whether the atmospheric potential gradient Is =i important factor from the point of view of weather
prediction.

(1) 1t is certain that the potential gradient plays a more important role in Belgian Congo than
in Europe, for in Africa almost all the rainc arise in connection with convective storms and more-
over the different masses of air do not seem to be so marked as in Europe. Perhaps the atmos-
pheric potential is a distinguishing factor.

(2) From our soundings at Uccle we can hardly draw any conclusions regarding weather pre-
diction as we have made observations only at one location. A number of soundings carried out
over a large region could perhaps reveal some interesting phenomena such as the arrival or change
of an air mass as well as equilibrium and turbulence phenomena in the atmosphere.

Continuous measures as a function of altitude--Since it appears that the potential gradient is
more stable around 2000 m (where dust, turbulence, haze, etc. would be of less importance), it
would be interesting tc make continuous measures of the electric field as a function of altitude using
radio soundings from a captive balloon.

These measurements would give a better picture of the undisturbed electric field near the
ground. We hope to carry out such a program in Belgium in the near future; unfortunately it will
not be possible to send up a captive balloon higher than 500 to 600m. It would be interesting to
make some observations at 500 m above a mountain where one would have ideal conditions. In Bel-
gium this is impossible since the altitude of the highest point (a plateau) is only 700 m.
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AIRCRAFT INVESTIGATION OF THE LARGE-ION CONTENT AND CONDUCTIVITY
OF THE ATMOSPHERE

Rita Callahan Sagalyn and Gerard A. Faucher

Air Force Cambridge Research Center
Air Research and Developnient Command
Cambridge, Massachusetts

Abstract--Recent simultaneous measurements of electrical conductivity, large-ion
concentrations, temperature, and humidity in the altitude range 700 to 15,000 ft by means
of aircraft are described. The results of forty flights show r;%at over continental areasin
fair weather there exists a layer adjacent to the ground varying in depth from 1000 to
10,000 ft in which the vertical distributions of charged nuclei and electrical conductivity
are controlled primarily by atmospheric turbulence. At the upper boundary of this layer
there is observed a sharp decrease in temperature gradient and in a transit‘.n region
approximately 800 ft in depth, the conductivity is found to increase by a factor of 1.5 to
6.0; the large-ion content to decrease by a factor of 1.5 to 100. Above this transition
region the large-ion content is reduced to very low values and the electrical conductivity
increases with altitude in the same manner as determined from earlier experiments.
Analysis shows that the surface layer can be identified withthe friction layer familiar to
meteorologists. The role -fatmospheric turbulence and the effect of these results on
our understanding of the columnar resistance of the atmosphere are discussed.

Introduction

The observations described in this paper are a continuation and extension of an investigation of
the electrical properties of air in the troposphere described in a previous paper [CALLAHAN 2nd
Others, 1951]. It was shown there that above the first few kilometers the electrical conductivity of
the air is a result of the existence of equilibrium between the production of small ions by cosmic
radiation and their destruction by recombination. The conductivity in the lowest part of the atmos-
phere was found to be less than would be expected from cosmic ray activity data which indicated
that destruction of small ions by combination of small ions with charged and uncharged nuclei becomes
an important factor in determining equilibrium. It was, therefore, decided to investigate the concen-
tration of chargec nuclei (large ions) and to determine the factors controlling their distribution in
the atmosphere. Electrical conductivity, temperature, humidity, and pressure were also recorded.

Previously, information about the large-ion content of the atmosphere could only be inferred
from the results of a limited number of balloon flights on which condensation nuclei were measured.
3 These measurements were carried out principally by WIGAND [1919]. LANDSBERG [1938] has sum-

k marized the data available on the vertical distribution of nuclei in the atmosphere. The results show R
a rapid decrease in concentration with altitude in the first few kilometers; the concentration at 10,000 Evt
it being only a few per cent of the surface value. g_;‘g

Knowledge of the large-ion content of the atmosphere is not only necessary for the investigation
of the processes involved in ion equilibrium but is also important to the understanding of the effect
of atmospheric turbulence on the electrical properties of the lower atmosphere.

Method of observation

rire

The results of over forty flights are described in this paper. Most of the measurements were
carried out on a fixed flight path, 25 miles long, located southeast of Concord, New Hampshire,
Several measurements were also carried out on selected flight paths near San Antonio, Texas, and
in the mountainous regions of Southern California. In New Hampshire and Texas, locations for the
measurements were chosen where the elevation of the surface above sea level was relatively con-
stant (the height of the surface above sea level varied not more than 200 ft) and over which there
was believed to be no large source of industrial pollution., All flights in a given area were made
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The aircraft was flown along the chcsen flight path making one pass at specified altitudes be-
tween 800 and 15,000 it above ground. The altitude intervals were 1000 to 2000 {t unless the records
showed that any of the measured parameters were changing rapidly with altitude .~ ich case the
altitude intervals were reduced. The measurements were carried out through all se< «, 3 of the
year and throughout the day. The discussion of results is limited to those obtained in fair weather,
which we define as days on which there was no unbroken cloud Jayer in the immediate vicinity of the
flight nath to inhibit the development of the daily turbulent cycie.

Apparatus

Instrument installation--Instruments were installed in a B-17 aircraft to measure and record
simultaneously electrical conductivity, temperature, pressure, relative humidity, air speed, large-
ion concentration, and the air flow through the large-ion apparatus. In order {o measure these pa-
rameters continuously in flight with only one operator, it was found essential to use automatic re-
cording and a central control system.

AR INTAKE : (

CONDUCTIVITY
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AR CONTROL J BATTERY ] AERO-
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BOMB BAY RADIO
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AEROGRAPH ;
MEAD UNIT

Fig. 1--Arrangement of apparatus on aircraft

A general view of the arrangement of the instruments on the aircraft is shown in Figure 1. All
power lines, timing circuits, etc., pass through the main control panel. Four chart recorders,
electrometer amplifiers, battery boxes and the control panel, located near the rear of the fuselage,
are positioned so that the operator can control and check the operation of all instruments. A four-
switch Haydon Timer is used to synchronize all records by placi. g a timer signal on each record
at ten-minute intervals. The air-flow through each ion counter is shut off by means of remotely
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controlled valves in order to obtain absolute zero and to check for insulation leakage. It has been
found necessary to shock-mount all electrometers, recorders, conductivity and large-ion chambers.

Electrical conductivity measurements--The electrical conductivity of the atmosphere was
measured with a cylindrical condenser system, based on principles first outlined by GERDIEN[1905].
A description of the apparatus used in these experiments is given in CALLAHAN [1951]. In the ex-
periments under discussion the cylindrical condenser and the electrometer preamplifier are located
in the nose of the aircrait while the electrometer amplifier, recorder and batteries supplying a con-
stant direct current potential to the conductivity chamber were located in the waist compartments.

Using the results of our earlier experiments in which it was found that above a few hundred feet
MNA_=LE 0.1, the electrical conductivity produced by ions of only one sign is measured.

Meteorological parameters--The temperature, pressure, relative humidity as well as the air-
speed of the aircraft are measured and recorded with an Aerograph System developed at the Air
Force Cambridge Research Center [GUSTAFSON, 1954]. It consists essentially of a temperature
and humidity transmitter mounted on the nose of the aircraft, a pressure and air speed transmitter,
and a five-channel graphic recorder for continuously recording these variables, which is mounted
in the waist. The fifth channel is used for an autovr.atic time signal. The temperature and relative
humidity sensing elements are, respectively, a thermistor bead and a carbon coated strip.
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Fig. 2--Schematic diagram of large-ion apparatus

Measurement of concentration--A schematic ‘fagram of the apparatus used for measuring large-
ion concentrations is shown in Figure 2. The air sample enters the system through a louvred intake
designed to reduce the airflow to approximately four litres per second while maintaining laminar flow.
This intake is located near the nose of the aircraft approximately six ft in front of the propellers.
The zir sample is then passed into the ion counting instruments located in the bomb bay through a
brass tube two inches in diameter. In the bomb bay the airstream is first passed into a Y pipe sec-
tion which divides the air flo~ inhalf and then passes through two identical systems in parallel In
each system the airstream is ﬁrst passed through an electrostatic filter which removes all ions
wi’1 mobility greater than 0.7 cm /sec volt. The air sample next passes through the ‘large-ion
counter,’ then into an output tube, and is finally exhausted into the radio compartment. The velocity
of air through the instrument is measured with a Hastings Precision Thermal Anemometer Probe
mounted in the output tube, The output of this instrument is recorded on a two-channel Brown
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Electrunik Recorder. The special advantage of the Hastings Air Meter for air flow measurements
in the free atmosphere is that the correction which must be applied for density variations with alti-
tude can be easily determined.

The large-ion counter used in these experiments is essentially the same as the one designed
by TORRESON and WAIT [1934] for surface measurements with special modifications for aircraft
use. It consists of three concentric insulated cylinders approximately one meter long. The air
stream passes between the central and intermediate cylinders 1.27 cm apart, made of highly polished
stainless steel. A dc voltage is applied across the intermediate and outer (grounded) cylinders. The
central cylinder is connected to ground through a resistance of the order of 1010 ohms. The voltage
developed across this resistance, determined by the rate at which charged particles in the air stream
are drawn to the central cylinder under the influence of the applied electric field, is measured with
a vibrating reed electrometer and recorded on a Brown Recorder. By suitably adjusting the air {low
and applied potential all charged particles in the air stream of either sign with mobility greater than
2.0 x 10-4 cm2/sec volt can be measured with this instrument.

If the atmospheric ions were distributed in such a way that there were no ions with mobility
less than the limiting mobility of this instrument, the measurement of large-ion concentrations would
be relatively simple. With the airflow and applied potential adjusted to obtain ‘saturation’ for the
instrument, the large-ion content may be obtained from the relation

where i is the electrometer current, W the airflow through the system, e the charge per ion, and N
the concentration of large ions of one sign. However, in agreement with resulis reported by ISRAEL
[1933], SIKSNA [1952], and others, preliminary laboratory experiments showed the existence of atmos-
pheric ions with mobility lower than the limiting value for this instrument. For this reason the theory
developed by ISRAEL [1931] is applied to determine the concentration of atmospheric ions from the
current-voltage characteristic of the large-ion chamber. Israel’s analysis shows that if the concen-
tration of atmospheric ions remains constant during the period of measurement which in our experi-
ments is approximately 20 minutes, then the concentration of charged particles of one sign in the
mobility range kg to @ is given by

00

dn=2 -VdZ/av............. D 7 ]
kg

where dn is the ion concentration in the mobility range k to k dk. The limiting mobility k, is obtained
from the relation k = W,47CV, where W is the airflow, V the maximum applied potential and C is the
capacitance of the chamber. With Z = i/W e plotted versus V the applied potential {2) is the equation
of a straight line which is tangent to the Z versus V curve at the value of V corresponding to kg and
which intercepts the ordinate at the peint/' @ dn,

g

In. the free atmosphere the concentration of large ions is seldom constant, although the fluctua-
tions at constant altitude were often found {o be less than at the surface. If the ion spectrum does
not vary significantly during the period of measurement, errors introduced in the current-voltage
characteristic due to varying ion content can be eliminated with the experimental arrangement
described above. The voltage on one of the two large-ion chambers in parallel is varied in arbitrary
steps while on the second, the ‘reference system,’ a constant potential is maintained. A character-
istic independent of the absolute number of ions is obtained by plotting Z/Z, versus V; Zqg = ig/Wy €
is obtained from the reference system. The analysis is essentially unchanged by this modification.
Thus, the total ion conceniration in the mobility range 2 X 10-* to 0.7 cmz/sec volt, which we will
refer to as the large-ion concentration, is equal to the value of the ordinate at the point where the
tangent intercepts the ordinate times the average value of Z,. (All ions in the mobility region 0.7
emé/sec volt to o are removed with the electrostatic {ilter.)

-
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The maximum experimental error in the measurement of electrical conductivity is 6 pct;
relative humidity +7 pct; temperature +1°C. The experimental error in the large jon measurement
due to the accuracy with which circuit parameters can be deterr.ined is 7 pct. To this must be
added an error which is a function of the magnitude of the large~-ion concentration; the error in the
ratio Z/Z, is only a few per cent for concentrations above 1000 per cc and approaches ten per cent
for concentrations of the order of 2G0 per cc.
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Fig. 3--Variation of absolute humidity (A.B.), temperature (T), positive large-ion
concentration (N,), and total electrical conductivity (A) with altitude above
sea level (2), February 18, 1953, Bedford, Massachusetts - Sebago, Maine,
local time, 11h 00m ~ 15h 00m

Observations: Variation with height

General description--In Figures 3, 4, 5, and 6 are shown the variation with altitude of electri-
cal conductivity, positive large-ion content, temperature, and humidity observed on four flights.
The most striking characteristics of the vertical distribution of the measured parameters which
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have been observed on all fair-weather flights are shown on these curves. The results show that in

fair weather over continental areas the {roposphere is divided into two layers with distinct electrical
characteristics. The lower layer is characterized by high large-ion content, hizgh humidity, and low ¢
electrical conductivity. At constant altitude in this layer the small-ion content deduced from con-

ductivity measurements is approximately inversely proportional to the large-ion coatent. The con-
ductivity, large ion, temperature, and humidity records show that the horizontal variations of these
parameters tend to decrease with altitude, except in the vicinity of the top of the layer where large
fluctuations are usually observed. Hereafter, this lower region will be referred to as the exchange '
(austauch) layer. The depth of the exchange layer has been found to vary from 1000 to 10,000 ft in
the course of this investigation.
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sea level (Z), November 8, 1953, Concord, New Hampshire -~ Dover, New ‘E;

Hampshire, local time, 16h 40m - 18h 25m B

At the top of the exchange layer a change to a more stable temperature lapse rate is ohserved, %}
which sometimes consists of an inversion. In a transition region varying in depth from a few hundred ‘g_
to a few thousand feet there is observed a sharp change in the large-ion concentration, clectrical con- 5
ductivity, and humidity. During the course of these experimenis the total conductivity has been found =
to increase in this region by factors ranging from 1.5 to 6 and the positive large-ion conient has been g
L]

found to decrease by a factor of 1.5 to 100. Horizontal variations of the electrical properties and
hmidity reach a maximum in this region. Passing upward through this region a noticeable decrease
in mechanical turbulence is also observed throughout the daylight hours. This is noted by a pro-
nounced decrease in the random tossing of the aircraft and also by a sharp decrease in the wnstan-
taneous fluctuations about the mean in the aerograph air speed records. Above this transition region,
the large-ion content is reduced to very low values often close to zero, and the electrical conductivity
increases rapidly with altitude in the same manner as determined from earlier experiments.
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To illustrate the general nature of the distribution described above, the results of conductivity
and large-ion measurements obtained on nine flights chosen at random between December, 1952, and .
August, 1953, over a fixed flight path in New Hampshire are summarized in Figures 7 and 8. As
shown on the figures, H, the depth of the exchange layer, varies between 3200 and 9400 ft. In Figure
7, the ratio of the height h at which constant altitude measurements were obtained to the height H of
the exchange layer is plotted as a function of the ratio Ay, /A;. Ay, is the measured value of conduc-
tivity at height h and A, is the computed conductivity value assuming equilibrium exists between the .
d production of small ions by cosmic radiation and their destruction by volume recombination. Using
N the results of Thomson’s theory for the volume recombination ccefficient, the polar conductivity of
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Fig. T--Aircraft altitude (h)/height of exchange layer (H) versus conductivity
measured (Ay)/conductivity computed from cosmic ray data )

DATE H (FEET)

29, 1952 5500

5, 1953 8200

. 10, 1953 4300

. 18, 1953 4500
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. 15, 1953 7000

. 18, 1953 8200

. 28, 1953 (1400~1445} 9400
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Fig. 8--Aircraft altitude (h)/height of the exchange layer (H) versus positive

large-ion concentration (N,)
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alr is given by the expression
A¢ = (ekoM0-25C0-5) (1,/€)0-5 (o/P) 05 (T/To)1+25, .o ... 3)

where e is the charge per ion, kg and I; are mobility and ionization intensity at normal temperature
and pressure, that is, at T, = 2173° absolute and Py =760 mm Hg. M is the average molecular weight
of ions in air, C is a constant with the value 1.73 x 10-9 cm3/sec, € is a probability function which

is a function of temperature and pressure. The exact expression for A, was used in the present
computation because the approximation in CALLAHAN and Others {1951] does not hold with su:ficient ¢
accuracy below 5000 ft. This manner of representing the results is necessary to illustrate the gen-
eral features of the distribution because of the large variations in the height of the mass exchange
lerer from d y to day. Above the exchange layer the ratio 7‘m/>‘c should approach unity if the simple
.yue of equilibrium assumed in the derivation of (3) exists. The results show a maximum deviation
of ten per cent from this value which may be due to statistical fluctuations in cosmic ray intensity

or to small variations in the value of the constants used in the computation of A;. Large fluctuations
in this ratio are to be expected in the exchange layer because of large variations in nuclei content
and rate of production of ions from day to day. The results given in Figure 7 show a maximum
fluctuation about the mean of approximately 80 pct. In Figure 8, h/H is plotted as a function of N,
the concentration of positive large ions. The layer-like nature of the conductivity and large-ion
distributions in the troposphere is clearly indicated by these figures. The application of these
simultaneous large and small ion measurements o a study of ion equilibrium in the exchange layer
will be discussed in a later paper.

Variability of profile in exchange layer--Figures 3 to 6 were chosen to illustrate the general
features ui the verticel distribution of the electrical parameters in the lower troposphere and to
show the variability in the height of the exchange layer, in the magnitude of the measured parameters
and the complexity of the profile often observed in the exchange layer. In general, the observed
profiles can be explained in terms of the vertical temperature distribution and horizontal winds;
for example, significant changes in the distribution of charged nuclei are always accompanied by
changes in the temperature lapse rate.

Since in the exchange layer, it has been found that variations in conductivity are largely brought
about by changes . nuclei content, it is considered sufficient to describe only the charged nuclei
distributior ; in further detail. In this region, the profiles of charged nuclei can be roughly divided
into five types which are illustrated in Figures 3 to 8.
(1) Approximately 55 pct of the results show a decrease with altitude to the top of the exchange
layer (<ee Tigure 3 and curves 1, 3, 4, 6, 8, 9 of Figure 8). This is usually accompanied by a small
incres 0. A, a continuous decrease in absolute humidity with altitude and an approximately constant
temperatur-e gradient from 1000 ft to the top of the layer.
(2) A nearly uniform distribution with altitude has been observed throughout the exchange !ayer
on about five per cent of the {lights (see curve 2 of Figure 8). This type of distribution is accompanied
by high winds, intense turbulence, and an adiabatic temperature lapse rate. The conductivity and
absolut:: humidity distributions are simi.ar to type 1. Both types 1 and 2 were usually developed by
early afternoon and thus are characteristic of a fully developed turbulent layer.
(3) On approximately ten per cent of the [lights there was observed fi~st a decrease, then an
increase with altitude to the top of the exchange layer (see Figure 4 and curves 5 and 7 of Figure 8).
As shown in Figure 4, the conductivity distribution is roughly the inverse of the large-ion distribu-
tion. When this type of distribution was observed a cloud deck often developed later in the day in ¢
the region of increase of large-ion content with height. '
(4) Several of the late afternoon and evening flights, approx mat.ly ten per cent of the total, show
first an increase with altitude, then a decrease to the tep of *he excharge layer (see Figure 5). The
temperature gradient ic observed to be more stable at lower .evels t. an at intermediate levels. The
results suggest that although the sou.ce of nuclel has been cut JIf, enough residual turbulence re- ’
mains to transport vertically nuclei that have been previvusly iruoduced into the atmosphere.
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(5) The morning flights, consisting of about 20 pet of the total, generally show the most com-~
plicated nuclei distributions. The concentration of nuclei up to the level to which turbulence has
penetrated is significantly higher than the concentration at higher altitudes in the exchange layer.
That is, properties of the exchange layer determinad by the previour history of the air mass are
being modified due to the influence of turbulent mixing (see Figure 6). (This example is further
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complicated by an increase of nuclel at the top of the exchange layer, characteristic of Type 3.) e
Periodic measurements carried out throughout the day show that when vertical mixing penetrates 5.:
to the top of the exchange layer, usually by early afternoon, this develops into a distx ibution of “-;
Types 1, 2, or 3. é
Table 1--Limits in variation of conductivity and large-ion content §
Total conductivity 5 he
(sec™l) e su x 10 N (no./cm¥) )
n
&
3 Mean viean B
4
Altitude In Above In Above Eé
above Limits of exciange exchange Limits of exchange exchange
3 sea level variation layer layer variation layer layer
ft d
1,000 0.62- 3.10 1.71 “e 496-14,000 2519 .o i
3 2,000 0.30- 5.70 1.95 131- 7,600 1577 i
: 3,000 0.32- 6.00 2.45 ‘e 0- 5,700 1250 2o L'-S
4,000 .0.40- 6.38 2.80 4.2 63- 4,887 1139 352 ;ﬂf
5,007 1.32- 6.70 3.52 5.3 0- 4,120 770 247 2
- 6,000 0.80- 7.21 4.45 5.88 0- 3,280 744 156
3 7,000 1.50- 8.59 4.48 7.14 0- 1,920 489 133
2 8,000 1.65- 8.52 4.19 7.22 C- 2,320 701 335
9,000 3.75-19.28 5.37 8.57 0- 1,650 353 195
10,000 4.23-11.10 .. 8.90 0- 1,200 .o 230
3 12,000 6.92-14.58 o h e 12.05 0- 875 N 118
15,000 7.38-19.75 e 15.16 0- 2,450 ‘e 2175

Limits of variation--The limits of the variation in the electrical parameters, conductivity and
positive large~ion content as a function of height above sea level observed during the period of this
investigation are shown in Table 1. Along the flight path the elevation of the surface above sea
level was approximately 250 ft. The limits of variation in total nuclei content can be obtained by
using the experimentally deter.'ned value 2.5 for the ratio of uncharged to charged nuclei [LANDS-
BERG, 1938, p. 210] and in agreement with the results of the present experiments assuming the
positive large-ion content equal to the negative. I'he extreme variability of these parameters in

o

3 the zltitude range 3000 to 9000 ft is partly due to the fact that these levels were sometimes in the ;;
E exchange layer and sometimes ahove i'. The variation indicated at 2000 ft is representative of the «
E variaticn at a given level when the resu'ts are restricted to data obtained in the exchange layer. ‘y
E The limits of variation above 10,300 ft were 0-500 ions/cc except for three days in August when Y
nuclei penetrated the boundary of the exchange layer. Changes in air mass accounted for some of 2
tne largest variations in nuclei content observed on saccessive days. Arithmetic xeans of electri- E
cal conductivity and positive large-ion content for a.d observaticns are also given in Table 1. At g
altitudes which were sometimes in the erchange layir and sometimes above 1t, maeans were com- ‘g;:
. puted for these two cases. The average values must be viewed with caution, since the vértical K
1 distribution obtaired from these values dses not give an accurate picture of th- profile ca indivi- )
dual days. o
B
E
E l‘;’
= e

ry

1

L5
oL
—
7ix

H




33

Variation with area--The general character of the vertical distribution described above is
found to be essentially unchanged with ared even over mountainous regions. Experiments carried
out in the summer months in the mountainous regions of Southern California over peaks up to
14,000 ft above sea level show that the exchange layer exists over mountains but is reduced in
depth. The layer in this region was found to vary from a few hundred 1o 5000 ft in depth. Thus,
the records show, for example, the electrical conductivity 1000 ft above a peak 7000 ft above sea
level was four times lower than the conductivity 8000 {t above sea level over a valley a few miles
away. These results lead us to believe that the large differences between the conductivity values
reported by PLUVINAGE and STAHL [1953] at Central Station Greenland, altitude 2.99 km during
July and August, 1951, and tite results of our earlier measurements at the same altitude in the free
atmosphere are due to the fact that the exchange layer extended above Central Station during the
period of measurements. During the winter monihs when convection is greatly reduced, undoubtedly
the exchange layer does not penetrate the top of many high mountains; then this important difference
between surface and free air measurements will be reduced or entirely eliminated.

These experiments have been carried out through all months of the year. The most significant
seasonal trends are an increase in the average height of the exchange ’ayer in the summer months;
in New England the average height in January and February was appreximately 4500 ft, while in
August it extended to approximately 8000 ft. There was al:o observed a higher nuclei content on
the average above the exchange layer in the summer months. Two flights in August show that large
ions penetrated the boundary region in the middle of the day as turbulesnce reached a maximum even
though the temperature gradient remained very stable in the vicinity of the boundary.

Discussion of results

Identification with friction layer--The simultaneous measurements of temperature and humidity
distributions as well as the information obtained on atmospheric turbulence, described in the last sec-
tion, show that in general the exchange la;er is to be identified with the layer found in many meteorolog-
ical records which meteorologists refer to variously as the austauch, iriction, turbulent, and beundary
layer. The layer is characterized by a nearly adiabatic temperature lapse rate with a sharp de-
crease in lapse rate at the top, uniform specific humidity and in many cases obviously preduced by
frictional turbulence. It is the layer in which the horizontal wiiu velocity differs from the wind
velocity in the general circulation because of the frictional influence of the surface of the Earth.
There are occasions when the boundary of the exchange layer defined as the maximum altitude at
which large spatial fluctuations in the electrical properties occuw.. does not coincide with the turbulent
layer. For example, in several of the morning flights the exchange layer determined by the previous
history of the air mass was found to be continually modified by an unstable turbulent layer.

Application of thermodynamic principles to the observed temperature disaribution shows how the
upper boundary of the exchange layer acts as a barrier to the vertical transport of nuclei, water
vagor, etc. Upward moving elements of air are cooled at the adiabatic lapse rate (approximately one
degree C for every 100 meters of ascent) so that as soon as an air sample passes through the top of
the exchange layer its temperature is less than its surroundings. The density of the upward moving
element will then be greater than that of its surrcundings and thus it will sink back to a lower level
unless a very strong mechanical force pushes it upward. The same analysis applies for a downward
moving element.

Role of atmospheric turbulence--The principal facto:s controlling the mean state of turbulen.e
in the aimosphere and thus the vertical distribution of nuclei and all physical properties produced
at the surface are known from past investigations [MALONE, 1951]. The most important ¢f these
are gradient wind velocity, roughness of the surface, vertical temperature distribution and 1:titud-
Results showing the dependenc 2 of the profile of the electrical properties on temperature lapse ratc
and wind yelocity were indicated in the last section.

The theoretical investigations of the effect of turbulence cn mean motiuns in the atmosphere by
ROSSBY and MONTGCMERY [1935] give a definite upper limit to the layer of trictional influence
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which can be written in the form

H=CWo/[fIn{(zq +20)/Z5] + v v v (4)

where C is a constant, W, is the total wind velocity at anemometer height z,, the Coriolis Parameter
F = 2wsin L, where w is the angular velocity of the Earth, and L the latitude, z , is a length charac-
teristic of the roughness of the ground. Thus, over a region with constant roug?mess parameter z,
the height should be proportional to tie wind velocity at anemometer level. All data on the height

of the exchange layer over the New England flight path has been plotted as a function of wind velocity
for the same period obtained from: local surface stations to determine whether surface wind meas-
urements can be used to predict the height of the exchange layer for individual days. As shown in
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Fig. 3--Height of exchange layer versus surface wind speed

F.gure 9, however, e lirear reiativa is not found. This disagreement is probably largely causedbythe
simplifying assumptions ruade in the dev:l,pment of the theory where an adiatatic temperature lapse
rate ani gradient wind direction aind velocity, constaut with elevation were assumed. Because it was
realized that ¢xwranecus influences such as large iemperature inversions or marked instability at
the swiace might cause wide scatter of individual results, Rossby and his collaborators used
averages of large numbers of observations for the original check of the theory.

These results indicate that interested surfece otations could not obtain a reli~“le estimate for "
the height of the exchange layer irom the Rossby theory. Hewever, comparison of the present results =
with simultaneous b~toon sonde data shows that H can be accurately obtained from temperature and
humidity balloon sondé rocords.
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Columnar resistance over contire nis--Ic is of interest 1o consider the effect of these results on
our understanding of the columnar resistznce of the atmosphere over continents. The resistance R
of a vertical column of the atmosphere une cm? in cross section extending from the Earth’s surface

to the height h ts equal to /" r dh; the atmospheric resistivity r = 1/(, +X ).
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The results of the balloon Explorer II indicated that the total columnar resistance from the
Earth to the upper conducting layers was of the order of 102! ohms. The present results give values
of R varying from 9 x 1020 t0 2.5 x 1021 ohins. R was computed from conductivity values; measured
values were used to 15,000 ft and values computed from (3) assuming cosmic radiation the only <
source of ionization were used at higher altitudes.

Ccmputations of the resistance of a vertical column cne cm? in cross section from the surface
to the top of the exchange layer have been found to vary considerably from day to day and with time
of da, and amount to from 40 to 73 pct of the total resistance; the average value was found equal to ¢
approximately 60 pct of the total. These results were obtained in a relatively unpolluted area. The
contribution of the resistance of the exchange layer to the total in industrial areas must be greater
on the average. Variations in the resistivity of the exchange layer brought about by meteorclogicai
factors through their control of the vertical distribution of atmospheric nuclei will therefore have a
significant influence on the total columnar resistance of the atmosphere even though it is generally
restricted to the lowest three kilometers.

As would be expected from the previous discussion, the altitude variation of R computed from
conductivity values is subject to considerable variation. The results obtained on three ilights chcsen
arbitrarily are given in Figure 10; the altitude variation of R obtained from the Explorer II results
is given for comparison.

The results given above, under Observations, agree qualitatively with the atmospheric model
suggested by WAIT [1942] and later employed by Israel to explain atmospheric electric measurements
at the ground. Wait assumed that the columnar resistance could be considered as divided into two
parts: Ry, a lower component varying with local time, and R;;, a component constant in time. How-
ever, the assumptions made in determining the height to which local influences penetrate leads to
misconceptions about the electrical characteristics of the atmospheric friction layer. For example,
the present experiments show that the height of the layer often varies in a systematic manner through
the day and 1s also found to vary many thousands of feet from day to day in a given season. Further-
more, the assumption that the atmospheric resistivity is constant throughout the exchange layer is
not valid in general.

Summary

(1) The height of the exchange layer varies between 1000 and 10,000 ft, with an average value
of approximately 6000 ft. It varies with season, reaching a maximum in the summer months.

(2) At all altitudes in the exchange layer, the limits of variation of charged nuclei were greater
than an order of magnitude for the days investigated.

{3) The vertical distributions of large ions can be roughly divided into five types which can be
explained in terms of atinospheric turbulence, that is, temperature gradient, horizontal winds, etc.

(4) Throughout the exchange layer the smail-ion content, and therefore, the electrical conduc-
tivity is determined primarily by the magnitude of the nuclei concentration.

(5) Horizontal variations of large-ion content, conductivity, and Lumidity reach a maximum in
the transition region at the top of the exchange iayer,

(6) At the top of the exchange layer, a change to a more stabie temperature lapse rate is ob-
served.

(7) A sharp change in the magnitude of the absolute humidity, nuclei content and conductivity
is observed at the top of the layer. ‘

(8) A reliable estimate of the height of the exchange layer can be obtained from temperature
and humidity balloon sorde records. The Rossby theory does not hold with sufficient accuracy for
individual days.

(9) In general. the profiles of absolute humnidity and charged nuclei are similar.

(10) The exchange layer exists over moun:ains, though reducec in height. N

(11) The exchange layer was found to contribute 40 to 73 pct to the total colummnar resistance
of the atmosphere.

(12) The exchange layer can be identified with the atmospheric friction layer.
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DATE H FT ASYMPTOTE
~ FEB 18,1953 4500 178 x 1021
3 MAR 3,1953 3200 161 X 1020 ———
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¢

(13) Immediately above the transition region the concentration of charged nuclei of one sign
averages approximately 200 ions/cc.

(14) Above the exchange layer the electrical conductivity is determined primarily by the inten-
sity of cosmic radiation, in agreement with earlier experiments.
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(15) In the cases examined, the ratio N, /N was found equal to unity on the average with a
maximum departure of $0.17, in the altitude range 1000 to 15,000 ft.

The authors wish to acknowledge the work of Roland Matson and Maria Mahoney, who assisted
in carrying out the experiments and in the analysis of the data. We also thank the personnel of the
6520th Flight Test Squadron, Hanscom Air Force Base, Bedford, Massachusetts, who flew and
maintained the aircraft.
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Abstract--The electrical conductivity of the atmosphere from ground up to 100,000 2

ft was measured during a series of five balloon flights made in 1953. The tests indicate &
that the conductivity of the atmosphere increases monotonically up to the maximum ;‘f

height at which measurements were made. The variation of conductivity with altitude
follows closely the variation expected from cosmic ray intensity data. On none of the
flights was there a clear indication that the conductivity diminishes in the region of
65,000 ft above sea level as obtained during the Explorer II flight in 1935. We conclude
that the phenomenon observed on Explorer II is not a universal one.

Introduction--Prior to 1953, the only measurements, to our knowledge, that were made of the elec-
trical conductivity of the stratosphere were those obtained by GISH and SHERMAN [1936] during the
famous flight of the balloon Explorer Il in November, 1935. On this flight, the conductivity was found
to increase with height until an elevation of 62,000 ft was reached. The conductivity then began to
diminish and continued doing so up to 72,000 ft, the maximum elevation attained by the balloon.

This diminution in conductlvity could not be explained by Gish and Sherman in a completely
satisfactory manner. Their best hypothesis was that the diminution was due to the presence of
Aitken nuclei in this region of the stratosphere. But this hypothesis raised even more questions.
Why are such large particles found in this region of the stratosphere? Are they formed there or
do they originate at the surface of the Earth and ascend to this region? If the former is so, what
are the agents responsible for the formation of nuclei? If the latter, what is the mechanism by
which nuclei are transported to this region of the stratosphere? And why should this region be
favored with the accumulation of nuclei? Is this low conductivity regic “.mited between 62,000
and 72,000 ft or does it extend higher into the stratosphere? Also, since only one flight was made,
the question is immediately raised as to whether the effect observed on Explorer II is a universal
phenomenon or just an isolated case.

This matter lay dormant until 1951 when HOLZER and SAXON [1952] raised some of the above
questions in their theoretical paper on the current distribution in the vicinity of thunderstorms.
And then in 1953, McDONALD [1953] attempted to account for the presence of nuclei in the lower
regions of the stratosphere. He examined the hypothesis that thunderstorm updrafts carry nuclei
ifrom the lower levels of the troposphere, where nuclei are plentiful, through the troposphere and
inject them into the lower regions of the stratosphere. He concluded that this hypothesis is in-
capable of explaining the conductivity observations that had been made up to that time.

Inan effort toanswer some of the questionsraised bythe Explorer I flight and to extend the meas-
urements of the conductivity of the atmosphere up to 100,000 ft, this investigation was undertaken.

Experimental method--The instrument used for measuring the conductivity of the atmosphere
is a modified Gerdien-type chamber which has been described previously [ CORONITI and Others,
in press]. It consists essentially of two concentric cylinders across which a given voltage is applied.
Air passing through this chamber gives up a fraction of its electric charge to the inner electrode
{ which is connected to a dc electrometer-amplifier. This in turn drives a standard radiosonde trans-
K mitter operating at 1680 megacycles per sec. The signals from the transmitter are received at the
ground and recorded automatically. The following parameters are periodically telemetered: con-
ductivity, temperature, pressure, and certain reference signals used as an indication of the reli-
ability of the instrument. 43
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The conductivity chamber is transported into tlie stratosphere by means of a single jlastic
balloon or by a cluster of rubber balloons, the av.rage rate of ascent being approximately 1600
ft /min. At the end of a predetermined time inte:val, long encugh to permit the balloon to reach
maximum altitude, the balloon is cut down automatically. The instrument then cescends by para-
chute at a rate which is approximately 7000 ft/min at the beginning of the descent and about 2000
it/min at the end of the descent.

To minimize the electrostatic effects of the balloon and parachute on the instrum.nt, the con-
ductivity chamber is suspended several hundred feet below the balloon on the ascent and the same
distance below the parachute on the descent.

Experimental results--All the flights were made during the daylight hours at Holloman Air
Development Center, Alamogordo, New Mexico. QOut of a total of eight flights, five were successiul.
These occurred on July 16, and on October 21, 27, 28, and 30, 1953. The maximum heights attained
during these flights were 68,000, 72,000, 82,000, 90,000, and 100,000 ft, respectively. Since the
variation of conductivity with altitude during all of the flights was essentially the same, we shall
restrict the discussion to the last two flights, the ones which attained altitudes of 90,000 and 100,309
it, respectively. We shail refer to these as Flights 4 and 5.
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Fig. 1--Time-altitude relationship on Flight 4

On Flight 4 the conductivity chamber was carried aloft by an 80-it plastic balloon. Figure 1
shows the altitude of the chamber as a function of time. This information is necessary in dett?r-
mining whether the air flow through the chamber is sufficient for proper operation. On this figure,
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the altitude values were calculated from the telemetered pressure readings by means of the
data of the ROCKET PANEL [1952].

It is obse,ved that the instrument was carried aloft at a fairly constant ascent rate of approx-
imately 1000 ft/min to an altitude of about 70,000 ft. The ascent rate decreased gradually from
70,000 ft to 87,006 {t, where the balloon practically ceased rising. For about an hour the balloon
floated at almost constant altitude. At a predetermined time the conductivity chamber was sepa-
rated from the balloon and descended by parachute. It is observed that the initial descent rate was
approximately 7000 ft/min. The descent rate gradually diminished to a value of about 2000 {t/min
at the lower levels of the atmosphere.
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Fig. 2--Altitude-temperature relationship on Flight 4

Figure 2 shows the temperature as a function of height on Flight 4 for both ascent and descent.
It is observed that the temperature minimum of approximately 200K occurs at about 55,000 it above
sea level. The temperature distribution is used in the calculation of the expected conductivity val-
ues in the atmosphere as well as in (he indication of the height of the tropopause on this particular
day. The latter information is of use in the consideration of problems such as the probable distri-
= buticn of Aitken nuclei in the atmosphere.
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Fig. 3--Relationship of negative conductivity to altitude on ascent, Flight 4
(dashed line represents theoretical curve) ’

The values of conductivity measured on the ascent of Flight 4 are shown by the solid line in
Figure 3. It is observed that, in general, the conductivity increases with altitude but that consid-
erable variations exist. These variations become so pronounced at the higher altitudes that it is
impossible to say whether any regions with abnormal values of conductivity exist in the strato-
sphere. We shall reserve until later the question of whether these fluctuations are due to real
phenomena in the atmosphere or to instrumental difficulties.

Figure 4 shows the values of conductivity measured on the descent of I'light 4. The descent
data are markedly different from the ascent data, and there is practically no fluctuation in the con-
ductivity values. In fact, the descent curve is so smooth that any regions of abnormally low con-
ductivity would have been detecied easily. None were.

On Flight 5 th= measured temperatare as a function of altitude and the a .itude of the balloon
as a function of ime were very similar to those obtained on Flight 4. Figcres § and 6 show the
measured conductivity values for ascent and descent on Flight 5. The characteristics exhibited
by these curves are very similar to those exhibited on Flight 4, shown in Figures 3 and 4. The
same characteristics were found on all of the successiul flights.

The results of the conductivity measurements may be summarized as follows: (1) In general,
conductivity increases with altitude. (2) The values of conductivity measured during the ascent
show considerable fluctuation, quite small at the lcwer elevations but very pronounced at the higher
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Fig. 4--Relationship of negative conductivity to altitude on descent, Flight 4
{dashed line represents theoretical curve)

altitudes. (3) 'The values of conductivity measured durfng descent show practically no fluctuation.
(4) The descent data show that the value of conductivity increases monotonically with increasing
altitude. There is ne indication whatsoever of regions with abnormally low values of conductivity
in the range of altitudes investigated.

Theoretical calculations--In this section we shall calculate the values of conductivity as a
functien of altitude to be expected from cosmiic ray intensity data. The equation governing the
time rate of change of atmospheric ions is given by

A0 g ianZ- BNttt (D)
dt

where n represents the concentration of small positive or negative ions (ions;cc), q the rate of
production of ions (ion pairs/cc sec), & the recombination coefficient between small ions, N the
concentration of Aitken nuclei, charged and unchargey, and 3 the >ombination coefficient between
nuclei and small ions. Thus, the anand BN nterms represent the destruction of small ions

due to combinatior with small ions and Aitken nuclei, respertively.

If icnic equilibrium exists and no nuclei are present in the regiou of the atmosphere under
consideration, then
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The conductivity of the atmosphere is given by
R 1 S {3)
where A represents the conductivity, ¢ the unit electrical charge and k the mobility of the small
ions. From these equations we immediately obtain
'}\:ek\‘q/a ...................... eeees-{4)
Thus, the conductivity of the atmosphere, assuming ionic equilibrium and the absence of nuclei,
may be calculated from a knowledge of q, ¢, and k.
The rate of production of ions, q, was obtained from Millikan’s cosmic ray intensity data L

[BOWEN, MILLIKAN, and NEHER, 1938] obtained at San Antonio, Texas. in 1938. Cosmic ray

intensities at Texas in 1936 may not be the same as those at New Mexico in 1953, but nothing

better was available. Millikan’s data are expressed in terms of ion pairs/cc sec at a pressure of

76 cm Hg and 20°C. To reduce these to the values to be expected for cur measured temperatures

and pressures, we made use of the relation that the ionization intensity is directly proporticnal fo *
the density of the gas.
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The mobility, k, as a function of altitude was calculated using a value of 1.3 (cm/sec)/(volt/cm)
as the mobility at 273°K and 76 cm Hg (this value having been measured by several investigators)
and the relation that the mcbility of the ions is inversely proportional to the density of the gas.

The recombination coeificient, ¢, was caleulated using the Thomson theory of volume re-
combination [ LOEB, 1939, p. 112]. Accordirg to this theory

o= 1.75% 1075 (73/T)3/2 M) /28y ..o v L.t cennne-(B)
where T represents the absolute temperature, M the molecular weight of the ions in question, and

i(x) the probability that recombination will occur after the ions have approached to a certain criti-
cal distance where active attraction sets in. The probability function is given by

®=1-@x)[1-e*&+DP2 ......... e ... (6)
where the independent variable, x, is
X =0.81(273/T)% (D/T60) LA/L .« v v veeveveeeeamnnnns )
and where p represents the pressure in mm Hg, and Ly /L is the ratio of the mean free path of 2

molecule to that of an ion at normal temperz ure and pressure. The value of the ratio is approx-
imately three for air.

PRGN T 1 N TR AL L AT TR R T e o e Lkl et e s 1




AT RELE 2o M ki TRy

5U

The molecular weight of the ions is also unknown. This may be found by inserting a measured
value of o in (5). The value of cat 20°C and 760 min Hg has been reported by several investigators
to be 1.6 X 1076 cc/sec. Using this value in (5) we obtain

-y

o=1.93x1670(273/T32 f(x). .o 8)
as the relation for the recombination coefficient which was used in these calculations.

Having determined g, k, and « 2s a function of altitude, the values of conductivity as a function
of altitude were calculated by means of (¢). The results of the calculations for Flights 4 and 5 are
shown in Figures 3, 4, 5, and 6. These thecretical curves, we emphasize, are the curves to be ex-
pected if cosmic rays are the only source u{ ions and no Aitken nuclci are present in the atmosphere.
Aitken nuclei, if present in sufficient concentration, would cause a diminution in the values of con-
ductivity from those.calculated.

Discussion of results--Examination of the experimental and theoretical ascent curves, Figures
3 and 5, shows that in the lower regions of the atmosphere the measured values of conductivity ex-
hibit 2 moderate amount of fluctuation and follow the theuretical values appt oximately. (n the higher
regions of the atmosphere, however, the fluctuations in the measured values become very proaocunced
and the average value of the measured conductivity is definitely less than the theoretical value.

The descent curves, Figures 4 aud 6, however, give an entirely different picture. In this case,
not only do the measured values of conductivity follow very clusely the theoretical values, but there
is practically nc fluctuation in the measured values throughout the entire region investigated.

The question immediately arises as to why there should be such a ditference in the ascent and
deocent results. Are the fl.-tuations observed on the ascent indicative o1 conductivity tiuctuations
in the atmosphere or is the effect instrumental? We have no deliniiive answers to these questions
but shall mertion come probable causes for the results obtained.

First, from the faci { ..t practically no fluctuations are present on the des-ent, we conclude
that the ascent fluctuations are instrumental and not indicative of conductivity fluctuations in the
at. osphere. One may argue that the instrument descended so fast that any conductivity fluctua-
tions tha: may have been present in the atmosphere were automatically averaged out. However,
when the rate of descent and the response of the instrument are taken into account it appears very
unlikely that this is so.

As to the possible reasons why fluctuations are present on the ascent and not on the descent,
we may cite the following. The electrostatic charge on the ktailoon may very well have affected
the instrument ona the ascent. This effect would, of course, be absent on the descent by parachute.
Taat bellovns .harge up has been known for a long time, but the o.der of magnitude of this charge
is completely urknown, as far as we are aware. We did try to minimize this effect by suspending
the insb:ument several hundred feet below the balloon but interierence from the balloon canuot be
ruled out.

Another factor which varies between ascent and descent is the rate at which air flows through
the conductivity chamber. In Figure 1 note that the descent rate is much greater than the ascent .
rate. What possible effect might this have on the conductivity readings? Figure T shows the cur-
rent-voltage characteristics of 2 conductivity chamber of the type usud on these flights. The curve
OACD is the experimental curve obtained under laboratory-controlled conditions, whereas OABCD
is .ne theoretical curve for this type of chamber. If the chamber is operated on the linear portion
of the curve OB, then theoretically if the applied voltage across the chamber s less tnan V3 the R
conductivity measured should be independent of the speed of the air through the chamber. Experi-
mentaily, however, we find that the applied voltage should be bzluw Vy in order to have the chamber
operating on the linear portion of the curve. In the case shown in Figure 7, Vy is about 26 pct lover
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Fig. T--Current-voltage characteristics of conductivity chamber

than V9. Under other laboratory conditions, V4 was found to be from 20 to 50 pct lower than Vg,
Thus to be sure that the conductivity chamber is operating properly, the apnlied voltage should be
at least 50 pct lower than the calculated voltage Vsg.

On descent, where the cir speed was relatively high, we feel certain that the chamber was
operating on the linear portion of the characteristic curve where the conductivity measured is in-
dependent of the air speed. On the ascent, however, the ierating voltage was not too much lower
than V,. Changes in air spced would therefore affect the measured valves of conductivity., And the
speed of the air through the chamber was far froia constant. QObservation of the balloon as it as-
cends indicates that its motion is quite irregular. Such conditions tend to m1ike for fluctuations in
the conductivity values. This possible explanatior also fits the fact that the mean value of the mea-
sured conductivity is less than the calculated value, iur a low value of air speed means a low appar-
ent value of conrductivity.

Thus the couductivity values obtained on the descent are niuch more reliable than those obtained
on the ascent.

Conclusions--Assuming the desceat data shown in Figures 4 and 6 tc be reliable. we may make
the following conclusions:

R R T R T T

FERE

L R D g,

i

o . . N - . i

(1) The conductivity of the atmosphere increases monctonically with height from ground up to :

100,000 {t above sea level. .
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(2) The measured values of conductivity agree very well with the calculated values based on
cosmic ray intensity data.

(3) No diminution in conductivity at 65,000 ft above sea level as observed o the Explorer II
flight was found. This means that during the periods of our flights no significaat concentravion cf
Aitken nuclei were present ‘n this region of the stratosphere. This does not mean tha. nuclei arc
never present in the siratos here. All we can say from our limited numoer of flights is tiaat the
presence of nuclei in the stratosphere is not a universal phenomenon.

Acknowledgments--We are grateful to the members of the bolloon anit at Holloman Air De,<l-

opment Center, Alamogordo, New Mexico, for successfully launching the balloons used in this in-
vestigation.
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ON THE VARIATION OF ELECTRICAL CONDUCTIVITY OF AIR WITE ELEVATION
Gerhard F. Schilling

Institute oi seophysics
University of California, L.s Angeles, California

Abstract--Meascerements of the electrical conductivity of air have been iaade at both
12nd and sea stations in California aad in the Pacific Ocean. Thz observation sites were
located in a variewy of different climatic regions and ranged irom shipboard locations to
piountzin +-ps exceedinrg 4090 m in elevation, The evafuation of the results shows a con-
sistent increase of the mean value of positive conductivxty with station elevations, essen-
tially independent ot location. A similar consistency is found for the altitude variation of
the meanr diarnal fluctustion which follows ar exponentizi « xpression, decreasing with el-
evation. Tne ~omparison of the surface measurement results with free atmosphere data,
obtaineu by other mvrstxgato; s during airplane ana balloon flights, leads to unexpected
agreement hetwe<n wean absolute va%ues at correspondiug heights. It is not yet possible
to present w. coinpiete exnlanation of the observation but pessible effects of the variation
of nuclei ard radioactive substances preseat in the atmosphere are discussed.

Introduction--The present paper is cne of a series of articles presenting results of the atmos-
pheric-electrical research program of the Institute of Geophysics at the University of California.
The principal objectives aud the methods of approach are described in another paper [HOLZER,
1935). I the course of the e<ycrimental investigations which included field measarements of the
awmospheric ¢lecirical potential gradient, air concuctivity, and the air-eartn: current density, ob-,
servations of the electirical conductivily of air were made at stations ranging in clevatiun from sea
tevel to 4030 m. These measurements are of interest in themselves and tke topic of this nresen-
tation will be limited to a discussion of the results oi such conductivity chservations.

Instrumentation- -The equipment used for mecasuring the atmospheric conductivity consists of
a cylindrical air flow condenser syctem of the type first used by GERDIEN [1905] and a current
measurmg device. The iun current collected at the central electrode is passed through a resistance
of 1011 chm. The result: ng potential drop is measured with a vibrating reed electrometer and re-
corded with an Esterline-Angus pen recorder with a cne milliampere mcvement,

It is well known that one of the main problems of such measurements is the 1eliability of abso-
lute values The cahbxation methed of SMITH [1953] was used and the system ad)usted to record
pomr conductxvxtxes dicectly in reciprocal ohm-meters times 10-14 {esu x 10~4 = chm~1m-1 x 0.9
x19-1 ) The ectim.ted acvuracy of the absolute calibration is ten per cent. It is pertinent to
mertion that the equipment has been compared with apparatus used by CALLAHAN and Others [1951]
for aircraft measurements and was iound to agree within five per vent. Thus, the agreement with the
instruments of Callahan is better than the estimated accuracy of the absolute calibration.

Observations--The principal information about the various measuring stations is giver . Table
1. As can be seen, buth land and shipboard site., as well as island locations have heen included.
For purposes of corcparison, a few additional stations where resalts have been obtained by other
investigators [FARKINSON and WELLFR, 1955; WAIT and TORRESON, 1948; WAIT, 1953; TORRESON
and WATT, 1048] are shown.

During 4an attempt to compar- the local characteristics cf the different stations which were
cltuated in a variety of cimatic regions, it necame apparent that the mean values of positive con-
ductivity showed 3 consisteut fncrease with the elevation of the observat.on site. Figure 1 illustrates
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Table 1--List of measurement sites

Designation Elevation Name Coordinates Period Location
m

CRE 0 M/V Crast 112-120°W,25-30°N 1952 East Pacific Ocean

CHA 0 USCG Chautauqua 135°W, 33°N 1952 East Pacific Ocean

MIN 0 USCG Minnetenka 145°W, 29°N 1952 East Pacific Ocean

HOR 0  M/V Horizon 108-195°W,30°N-23°S 1952-53 Central Pacific Ocean

wWLA 115  West Los Angeles 118°27°W,34°5'N 1951-54 Southern California

SLR 300  San Luis Rey 117°20'W ,33°15’N 1953 Southern California

CAT 550 Coatalina Island 118°25'W ,33°25'N 1952 Coast Southern Calif.

SAG 750 Sage 116°55'W ,33°35'N 1952 Southern California

LES 900 Lake Henshaw 116°4E'W 33°15'N 1953 Southern California

PMT 1730 Palomar Mountain 116°£07W,33°22'N 1952-54 Southern California

TMT 2290  Table Mountain  117°40"W 34°23'N 1953 Southern California

HAL 2900  Haleakala Mtn, 156°W,21°N 1953 Maui (Hawaii)

WMI 3350 White Min. I 118°W, 37°N 1952-53 Central California

WM II 3810  White Mtn. I 118°w, 37° 1953 Central California

WM I 4030 White Mtn, O 118°Wm 37°N 1953 Central California

A 0 American Chief 2-75°W, 40-53°N 1952 Atlantic [ PARKINSON
and WELLER, 1953]

w 240  Watherco 115°E, 32°S 1924-34 Australia [WAIT and
TORRESON, 1948]

T 10 Tucson 110°51'W,32°15°N 1947-51 Arizona [WAIT, 1953}

H 3330 Huancayo 75°W, 12°S 1924-34 Peru [TORRESON and

WAIT, 1948]

this relationship in quite a decisive manner. Note that the individual mean values are not strictly
equivalent for this comparison, since the number of hourly samples for each station ranged from
2o as little as 24 up to a few thousands for certain sites. In spite of this obvicus disadvantage, a dei-

5 inite relation with elevation exists. it has been mentioned earlier that it is difficult to compare
absolute values of conductivity obtained by various authors, becausc of the calibration probiems
involved. Nevertheless the few values entered where comparable equipment has been used, show
a general agreement with our altitude relaticn.

The result that the mean variation of positive conductivity with elevation seems to be a con-
sistent phenomenon, is not too surprising, although such 2 relation cculd have been expected a
priori orly under the assumption of more or less similar local conditions (with refereace to nuclei
content and rate of ion production, as well as their time variations) at the va.ious measurement
; sites. Obvivusly one would not have made such an a priori assumption in the light of much evidence
B to the contrary at low level surface stations. -

e However, in Figure 1 the mean values of conductivity obtained by CALLAEAN and Others [1851]
A in the free atmosphere, and the computed relation by GISH and WAZT [1950], based on airplane and
Explorer II data, have heen entered too. The rather good agreement between these fiee atmosphere
data and our srface values could not have been anticipated and is indeed more difficult to explain
than any disagreement.

Befcre discussing this phenomenon, we wish to examine Figure 2, wherc the ajtitude variation
of F, the fluctuation of positive conductivity, is shown. The fluctuatior has heen Jdeiined as the dit-
ference between the maximum and :ainimum values of the mean diuraal variation, divided by tne
diurnal raean. Again we find a relation with station elevation, but a2 number of staticns seems to
deviate appreciably. Referring to Table 1 it can be seen that these particclar stations have local
characteristics quite different from a conventional surface station; they are oceaa and island sites.
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Fig. 1--Variation of positive conductivity of air with altitude above sea level

Figure 2 shows that the majority of the stations follow a relationship which can best be approx-
imated by an empirical exponential function of the type

F = Fo + Ae I/E

where Fo is the abscissa value of the asymptote, arbitrarily taken as corresponding to the mean
fluctuation found over oceans, A has the value of 0.85, and H is 2400 meters. H it can be assumed
that this decrease of the fluctuation with elevation is principally due to the decrease of nuclei con-
tent with altitude, the height of 2400 m might very well correspond to the approximate average
height of the top of the exchange layer, as discussed by SAGALYN and FAUCHER [1955].

Discussion--Jn gener.l it can then be stated that the investigation has ylelded three experimen-
tal recults of significance.

(1) The increase of positive conductivity with elevation for surface stations shows a definite
eonsistency rather independent of localion.

(2) Not only the rate of this increase, but aiso the absolute mean values at higher elevations
seem to be clese to the corresponding values in the free atmosphere.

(3) The diurnal fluctnation of conductivity measured near the surface decreases with elevation
in a nearly exponential manner.
In discussing these results it is necessary tv emphasize that they apply to mean values and there-
fore mezan conditions of the etectrical conductivity of air near the Earth’s surface. This refers
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also to the mean fluctuation of the distinct diurnal variation well known to occur at ail land stations
according to local time. Some additional information with regard to ccean measurements on this
point is presented by RUTTENBERG [1955].

When we look for the cause of this apparent consistency in the conducting properties of the
atmosphere, we are in effect investigating the variations of two variables in time and space, that
is, the rate of production of ions and the amount of nuclei present. The former we can further
divide into an ion production rate due to cosmic rays and one due to radioactive substances in and
near the surface of the Earth. We also know that the cosmic ray ionization increases with altitude.
but remains essentially constant in time at a given height; whereas, the nuclei content should de-
crease with elevation and have random as well as regular time variations superimposed. As a
preliminary assumption we might take the ionization due to radioactive substances as being inde-
pendent of elevation, but we certainly must consider it as a function of time. We can also neglect
an increase of small ion mobilities with decreasing air densities but only when comparing surface
and free atmosphere data inter se.

If we concentrate for the moment on a given altitude within the exchange layer, it is difficult to
see even with these simplifying assumptions why the mean value of conductivity found at a land sta-
tion at this elevation should be rather independent of local characteristics. Considering that we are
accustomed to account for typical local influences at measurement sites as due to varying nuclei
content, particle concentrations, and space charges, we would expect much larger deviations ifrom
one station to the next.

In addition, we note that the rate of vertical increase of the mean surface value of positive con-
ductivity at the higher elevations is comparable to the rate of increase in the free atmosphere.
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Even the absolute values at a given altitude seem to be comparable, the surface conductivities being
at the most only slightly higher than in the free atmosphere. Which means that in spite of the dis-
tinct diurnal variation at surface stations, that is, high night and low daytime values, the daily mean
values are practically identical with those measured by airplanes and balloons at corresponding
heights above the ground. Since airplane measurements seem to indicate the presence of a dividing
line between the exchange region with high nuclei content and the undisturbed atmosphere with stable
electrical conductivities above, the values of conductivity at higher altitudes in the free atmosphere
are generally considered as being due primarily, if not exclusively to cosmic ray ionization. This
concept now does not seem to hold for the exchange region.

A T .

Conclusions--It has not been possible to develop a complete explanation of the observations on
the basis of existing data. The additional experimental data vitally needed for the development of
an adequate theory are: (1) observations of the mean diurnal variation of the conductivity in the
free atmosphere at various altitudes both over land and sea surfaces (in particular, present data
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need to be supplemented with nighttime observations), and (2) observations of the ionization rates ps
in the free atmosphere, particularly in the exchange layer. P
In the absence of such data one can draw only speculative conclusions. The results on the vari- g
ation of conductivity with elevation suggest that the austausch process transports upward not only ;}1
nucleii, but also radicactive substances in appreciable quantity. The ion-production rate of the radio- };*
active material in the atmosphere may play a role as significant as the nucleii concentration in fair iy
weather ubservations of conductivity. The selective absorption of radioactive emanation by aerosol g_f:

particles was, indeed, suggested by ISRAEL [1934] as early as 1934. Recent studies by COTTON
3

[1955] and certain aspects of the investigation of DAMON and KURODA [1954] also point to the pos-
sible importance of the introduction of radioactive materials into the free atmosphere. Further
study of the influence of radioactive materials introduced into the austausch layer from the surface
promises to yield important information for atmospheric electrical studies at the surface of the
Earth,
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ATMOSPHERIC ELECTRICITY ASSOCIATED WITH JET STREAMS

Vincent J. Schacfer

The Munitalp Foundatior, Inc.
Schermerhorn Road
Schenectady, New York

Abstract--A simple and inexpensive method is described fo: studying the atmos-
pheric electricity which oiten occurs in direct relation to the major axis of a jet
stream. The equipment consists of an easily erected telescopic alumninum mast
bearing a radioactive gold probe. The mast is insulated from the ground and con-
nected by a shielded cable to a sensitive micro-ammeter. Positive current flow
to the ground in the range of 0.04-0.12 micrcamps is commonly observed under a jet
stream when using a 35 ft mast. Observations such as have been made by Falconer
and the writer at the G. E. Research Laboratory have recently been extended in an
effort to better understand the complex relationships which occur. During the past
year a few measurements were made on the summit of Gisborne Mountain in north-
ern Idaho. In eastern New York in active study of this phenomenon is now underway
as part of the basic research program in atmospheric physics of the Munitalp Foun-
dation.

During the winter of 1944 at the summit of Mt. Washington, New Hampshire, a stady of atmos-
pheric electricity was started in an effort to learn something about the physical naturz of precipi-
tation static. A number of interesting results were obtuined at the Observatory on the mountain
and subsequently at low level observation -oints in eastern Noew Yurk. The results of these studies
have been described in a seri~s of papers and reports [LANGMUIR, 1945; SCHAEFER, 1947,
SCHAEFER, LANGMUIR and Others, 1946].

Since that time certain phases of the Mt. Washington studies have been continued, especially
in the field of supercooled clouds, ice-crystal nuciei, and atmospheric eleciricity. With the dis-
covery of the dry ice effect [SCHAEFER, 1946] and related developments in experimental meteor-
ology [SCHAEFER, 1953a], an intensive program of continuous meteorological observations was
inaugiurated at the General Electric Research Laboratory. These have been described [FALCONER,
1949].

Early in our study of electrical effects in the atmospnere we encountered a number of anoma-
lous phenomena. These were —nlike the so-called ‘cross current’ storms in which the sign of the
current flow from the collecting probe to ground changes from positiv2 to negative with respect
to ground potential every 20 or 30 minutes and which have Leen correlated with snow, rain, and
thunderstorms, and the passage of warm and ccld fronts. The effects were more like the so-called
‘positive current’ storms during which the sign of the current {low from collecting prol.e to ground
had a positive sign with respect to ground potential w.th occasional peaks reaching valuesof - 0.25pA.
These occurred during snow siorms consisting of ic: crystals falling irom cirrus cloud levels in
the sky.

The unusual effects observed in this early work occurred during fair weather, ofteawhen the
sky was completely cloudless and the atmosphere brilliantly clear with unlimited visibility.

At other times, it occurred in conjunction with fast moving high and middle clouds. One case
was noted in which the winds at 10,000 ft were measured at 54 knots. The amount of elecirical cur-
rent did not exceed 0.1 microamp and, in some cases, was barely detectanie with theordinary metal
point collector then in operation. Several interesting effects were observed which were terined
‘ghost storms’. Evidence was cited [SCHAEFER, 1947] to show that these were related w. the pas-
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sage of relatively large space charges associated with evaporated crystals from snow showers.
By locating two stations about 2.5 miles apart, it was possible to show that such space charges
moved with the velocity of the air at cloud level, Measurement of atmospheric electric.ty during

R this early period was made by using four types of collectors, including two sizes of cylinders, an 14
:,3 ellipsoid, and a sharp point. Subsequent studies were made exclusively with the point eollector.
iy Although the electrical effects observed with this simple device are closely related to the poten~
~‘-§ tial gradient of the atmosphere, this term is not used in this paper since the eifects observed may
;‘i vary somewhat from the values of the potential gradient measured by more conventional instru-
' ments. Until a bette~ understanding of the observed effects has been obtained, the electrical ef- a
iects measured wiil be referred to as ‘probe tc earth currents.’ A positive current represents the
i condition in which the probe exposed to the sky is more positive than the Earth’s below, that is,
’;; electrons flcw from Earth to probe and thence to e atmosphere. Conversely a current flow having
'ﬂg negative sign represents the conditions in which €lectrons flow from the atmosphere to the probe
:;: and thence to earth.

Durirg th= latter phases of Project Cirrus, a government sponsored research program in ex-
perimantal meteorology, it was decided to increase the sensitivity of the point discharge collector.
This was done by having the brass needle point wrapped w:th gold foil impregnated with a radium
salt. About 1.6 cm2 of gold foil was used which contained radium equivalent to 250 micrograms.
The resnlts of these latter observations have been described by FALCONER [1949].

These data present strung evidence that the fair weathe:r anomalles consisting of unusual
amounts of atmospheric electricity are related to the ‘ghost storms* previously described but
to an even more specialized degree.

Studies of jet stream clouds--At about the same time that precipitation static studies were
started at the General Eleciric Research Laboratory early in 1944, the writer observed on several
occasions spectacular sequences of fast moving, high altitude cirrus clouds. The uausual feature
noted ;1 these early observations was the remarkably coherent pattern of the clouils, which appeared
as cir-vs cloud sireets, their high velocity, and the unusaal directions from whica they appeared,
The case which first drew att-ntion to the phenomenor was a stream of high level air flowing from
the northeast. In 1947 the writer first heard of jet streams during a paper presented by C.G.Ross-
ty. Rossby’s description of jet streams fitted into the pattern of observations which had been made
by the writer, but it was not until five years later that the opportunity arose to follow up this study.
With the issuance of 560 and 200 mb isotach charts by WBAN on the we. ther m2r Times Fascimile
network, a means became 2available to conduct a cosirelation ¢f observabi~ cloud systems and the
presence of the major axis of 3 jet stream.

ithin a few months, it became obvious that a kigh correlation existed between certain distinc-
tive cloud formations and the presence of the major axis of 2 jet stream. It was found that four
basic cloud types may form in a jet stream and that they generally have certmin physical charac-
teristics. These have beex described in two 1'lustrated papers [SCHAEFER, 1853 be].

Shortly after the writer pointed out the apparent relationship of distinctive cloud patterns often
formed within jet streams, FALCONER, [1953] found that a number of the anomalies of urusual 3-
mounts of fair weather atmospheric electricity could be closety related to the presence overhead
of the major axis of a jet streaxm., He found that during the five-month period of Getober 1952 to
February 1953 on 80 pct of all days with highest atmospheric clec'rical a~tivity the band of jet >
stream winds was directly over the cbaservation area in eastern New York.

Since initiating the obecr7auon of atmospheric electricity at Schenectady in 1944, the records
have peen obtained over exwended periods with a continuously recording microa:nmeter. (General
Electric Yhotoelectric Recorcer, Schener* _, New York. 0.5 micro-amp full scale.) Using 2 chart '
speed of two inches an hour tne more rece. * records are detaiied enough to show {ine siructur=
variationg in current flow withcut producing excessive amounts of record
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Electrical currenis related to atmospheric effects--The past ten years of observations with
the point collector have produced records which may be roughly divided into three general patterns.
Two of these {it into the pattern which has been observed by other investigators; the third, which
we believe is related in some manner to the presence of a jet stream, has not been studied in de -
tail.

Fair-weather electrical effects are characterized by a flow of current having a positive sign
from probe to Earth in the range of + 0.0005 to + 0.01 microamps using our method. This may oc-
cur with cloudless skies, fair-veather cumulus, stratus overcasts, and slow moving altocumulus
and cirrus clouds. Figure 1 shows a typical record.

What may be termed Storm electrical effects

+0.04 are typified by considerable variations ir current
and sign of current flow, The outstanding feature

HO03 e —— = — - m JET STREAMLEVEL | is the alternation in sign of the current flow.
These alternations in sign of the current often

<+3.02} 1 occur at ten to thirty minute intervals and show

a high correlation with snowfall, rainfall, light-

+0.01 _| ning discharges, the passage of large convective

—\,\_—w’_\/\ cloud cells, the mevement of warm and cold fron-

0.00 1 : 1 i 1 T ) tal systems, and similar visible meteorological

whisn whizm 1afism 1ahzin phenomena., Values are generally in excess of

EST 0.1¢LA and ray exceed 5.0LA with the sign both

positive and negative with respect to ground po-

Fig. 1--Typical probe-to-Earth current tentiai. Figure 2 illustrates a typical section of

associated with fair-weather elec- such a record.
trical effects, July 7, 1954
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Fig.

--Typical probe to Earth current of hoth positive and negative sign
asscciated with storm electrical effects, June 15, 1954

Between the values of the positive sign fair weather electrical eifects and the positive and rega-
tive sign storm clectrical effects but having unmistakably unique characteristics 1s a thurd general
patterr of atmosphevic electricity which we propose to term jet stream electricai efiects. The
sign of the probe to Earth current flow is positive, and its range is between 0.015 aad 0.101A.
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The lower limit of the amount of current depends to a considerable degree on the type of exposure
given the radioactive probe to the sky and certain other features whick will be described but are
not at present well understood. Figure 3 shows typical records.

+0 10 i ] i

+5.08

+0.02

0.0

+0.10

+08

JET STREAM LEVEL

P — — — —— v—— — S— —
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Fig. 3--Typiczl probe-to-Earth current of positive sign associated with
jet stream electrical effects; upper curve is example of 20-second
maximum and minimum values while lower curve shows a four-
second interval sequence

Method of measuring jet stream electrical effects--There are a numper of methods whirh may
be used for detecting the atmospheric electrical cffects which seem to be closely associated with
the preserce overhead of high velocity winds. Although the evidence accumulatzd thus far
presents strong evidence that most of these high values are closely associated with the near
proximity of the core of a jet st. eam, there are features of the cbservations which are d:fficult
townterpret in the Light of our present knowledge. These wili be mentioned later. The main features

of the observational method have been .e ,cribed in the papers and reports by Schaelfer and Falconer
previously mentioned.
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The apparatus is very siumple. It consists of a brass needle point wrapped with a small strip
of radioactive gold. This needle is soldered into a bushing which is connected by shielded cable
through a sensitive microammeter to ground. The sensing element raust be well insulated to avoid
leakage currents. This is not difficult, however, since the double insulatcr which we have described
[SCHAEFER, 1947], and which is simple to construct, provides excellent insulation even during
heavy rair storms.

An even simpler ar. agement has recently been devised for studying je! siream electrical
effects. This consists of a 36-fcot telescopic aluminum mast (No. AL 535 made by Premax Prod.
Div., Chisholm-Ryder Company, Inc., Niagara Falls, N. Y.} mounted on a base insulator and sup-
ported with insulated wires. The top length of the antenna pole is of 5 16-inch diameter aluminum
rod, the upper end of which is threaded to hold the radioactiie probe. In this manner, the aluminum
pole serves as a conductor with a shielded cable connecting its base to tae high side of the grounded
microammeter.

A simple and very satisfactory method has been devised for mounting this telescopic pole for tem-
poraryfield use. A cylinder of drywocd or other non-conductor four inc..es longand having a dianieter
equal to the outside dimcnsion of the lowest section of the pole is fashioned so the top edge fits
loosely intothe lower end of the pole. A three-eighthsinch hole, two inches deep, i> bored intothe botton
of this plug. several layers of polyethylene or a similar insulating sheeting eight .nches in diameter
are then placed so that they separate the plug from the metal pole. Wnen assembled, the sheeting
projects beyond the shoulder of the plug as a skirt and serves as a rain barrier. A brass or coppar
rod 3 ‘8 inch in diametler and four to {ive feet long is then driven into the ground until one foct re-
mains above it. Thic serves the dual purpose of a ground connection, as well as a rest fer the plug
at the bottom of the pole. Three stakes are driven into the ground six feet from the ground rod and
120° apart. Insulated guy ropes fastened on a ring above the first section of the telescopic pole sup-
port it rigidly and complete the installation. With this arrangement 2 36-foct pole niay be erected
by one person in less than five minutes.

While it is desirable if possible to use a recording microammeter, the lack of one does not
preclude making interesting and useful records.

A simple, relatively inexpensive, and reliable micrcammeter is the RCA type WV 34 ultrasen-
sitive D C. microammeter. This reads {ull scule for 0.1 microamp at its most sensitive setting
and may be easily read tc 0.0001 A or 1 « 10710 amp. Such low values are rarely encountered in
atmospheric electricity with the unit as described. This instrument is particularly convenientsince
fair weather electrical effects occur with the 0.01 « scale setting, jet stream elect: «wal effects on
the 0.1 x scale, and storm electrical effects on the 1.0 x scale. This unit may alsv be usad as a
nearly drifi-free amplifier {or driving a less sensitive recorder.

Procedure for obtaining manual records of electrical effects--Since it is observed that most
atmespheric electrical ei‘ects of importance to mcteorological pheromena persist over pericds of
an hour or more, occasional manual observations have consicerable scientific value. Such short
observations are no substitute, however, for a continucus automatc recorder if suitabie instruments
are avaiiabie,

Satisfactory short-period records may be obiained in the following manrner. A hand opersated
or electrically driven timer having an interval in the range of ten to 30 secunds s used. During
the fixed time interval, the needle of the microammeteris watched and the high and ww vaiues
noted and plotted directly on graph paper. A period of {ive to ten minutes has becn fuurd to be suf-
ficient to get a fairly good rep:esentation of the tendencies which accur on typical days of the three
tvpes of efiects mentioned.

An even simpler procedure has been found to be fairly represertative of the tendencies vier
siorter time intervals. This method consists of plotting, instantaneous values at a reguiar but un-
hurried rate. With limited practice it has been found that such values may be noted and plutted at
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inter 1s of four serconds for a period of five to ten minutes. Figure 3 illustrates the two methods.
While these methods tend to ve tedious and have definite limitations of usefulness, the methods are
still of considerable value for exploratery field studies. This is especially true where limited fa-
cilities wovld prevent any research in this important field,

The effect of wind--The most perplexing aspect of th? Ingh values of f-. weather current seem-

ingly associated wilh jet streamns as measured with the radioacti.e probe 1. che 2ffect of calm 2nd
light winds on current flow, This problem is rarely encountered if the radioactive probe is located
on 3 high »uilding, a mountain top, or other promontory where air rmovemeunts general.y exceed
1.5 to 3.0 m 'sec, even during sr-called :alm periods. ¥ith the air surroundiug the radioactive
probe moving slover than 1.5 m  sec, the current flcw even with the core of a high velocity jet
stream overhead may show an average readiag of less than C.015 microamp. Under such conditions,
a sudden gust of wind will often cause the current flow to temporarily increase to a value of 0.0z io
0.07 micrcamp. That this condition is aot related to the wind alone is irdicated by the observation
that during periods in which the ma,or axis of a jet stream is absent, winds of much greater veloc-
ity fail to show values higher thaa 0.01 microarap. It is as though there were a tendency for a local
space charge to build up in quiet air which proauces a net nagative charge surrounding the radio-
active point. This tends to nulliy the positive current ‘jet-stream efl.ct.” It is on’y when the air
movement {3 sufficient to ‘blow away’ this local effect that the higher values may -come through.’
It may be that variations of this effect are respensible for the diuvnal variations which have been
voserved by other worker. using the more conventional instruments for measuring potential gra-
dients and air-earth currents, Such effects have been described as background ‘noise.’ It is ob~
vious that much more rescarch is needed to understand these anomalies.

A period of observations on the summit of Gisberae Mountain in northern Idaho during August,
1953, showed us that even r a high mountain summit in regions where winds freguently die duwn
during the night, a strong diurnal decrease in. current flow during the night period is ¢f comraon
cgccurrence. More recemly simiiar stuu.es have beer inaugurated at the Mt. Wi shington Observa-
tory in Ne ' Hampshire where our original wovk in atmospherics started ten years ago. These
studies will be du octed toward achieving an understanding Jf the effects of wind, cloud, jet streams.
and related phenomena at 1 high, precipitous, »indy mountain summit using a radioactive probe con-
nected to a recording microammeter,

Low values of atmospheric electricity related to radiocactive fallout--For the three¢ weeks fol-
lowing May 1, 1953, and fo. abcut two weels in April 1954, the level of atmospheric electricity in
eastern New York dropped to a very low level of activitv even daring the presence of the major axis
«f a jet stream, Tiis lack of ac.ivity was even more difficult io undurstand when several active con-
vective rain storms faiied to produce cross-current effects, The 1953 perioa was subsequently found
to roincide with a fallout of radiocactive debris irom atomic explosicns which had beea conducted in
Nevada. Subsequent studies indicated that although the level of radioactivity dic aot present a health
hazard it was sufficient to reauce the level of atmospheric electricity to very low values, Fortunate-
ly, the radioac’ vz dust had a short half life so that by June 1, 1353 the probe to Earth currents were
again showing normal variations,

A simijlar thour* less prunounced effect occurred starting April i4. 1554, following a rzin shewer
which left a light deposit of radioactive mud in 1istern New York. Gathering a smzll sampie of the
mud cn a piece of moist fil{er paper and plac it near a Geiger-Muller counter, the normai count-
ing rate was increased t! ree to four times above that of the ordinary background level caused by
cosmic rays and related phenomena, The source of tne radicactive mud is net kncwn at the present
time, although it occurred shortly after the nuclear tests in the Paci’ic area. Ag in the previous
year, the return to *he more normal variatioa.. of atmespheric electricity occurred several weeks
afterward.

The cause of jet stream electrical effects- -Sever~’ . .cries have been suggested vy Yalconer
« explain the atmospheric electricity which seems to’ 2 associated w:ith the presence of jet streams,
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He zeascuns that since these high-velocity air flows are often intimutely associated wi.h stormy
areas such as tiunderstorms and tornadoes, the net positive char ze common'y observed in the
upger pari of such storms would often be carried away in the jet-stream winds and thus have a

3 space charge effect rany miles from the original storm. This is a2 similar effect to the ghost
storms I previously mentioned,

Falconer also suggesis that the Sirapson-Scrase {CHALMERS, 1946} ice-friction theory might
dd to these effects since it {s now well known that the sy 1s rarely free of high-level ice crystals.
1 The high shear and turbulence often occurring in the jet stream wuuld tend to intensify such effacts.

The recentdiscovery of REYNOLDS [1954]that variations in temperature cf ice particles is suf-
ficient to cause charge separztion of large magnitude when the particles make momentary contact
should also be considered. Time lapse motion pictures of jet-stream clouds present strong evi-
dence that rapid changes occur in clouds which fcrm n jet streams. Large temperature differences,
turbulence, shear, drag, and instability of air contaning solid and liquid particles combine to pro-
du-e ideal couditions for such effecis to vccur. Since sorie of the highest values of jet-siream elec-
trical effects accompany air movements with trajectur:as from the polar regions during the winter
time, I um inclined to favor the latter mechanism for the development of an elongated space-charge-
level region along the major axis of a jet strear.

Since it is often observed that jet stream electrical effects ozcur under conditions whieh would
not favor the movement of the charges to the collectur siie, it is likely that many of the observed
effects may be caused by induction with the turbulent motions of the stream of ionized particies
producing the current flow observed,

This eifect may be simulated by waving u small charged sheet of polyethyler.e in the general
vicinity of the radice- *ive point. Such a sheet two feet square moved at the rate of a meter a second
at a distance of 50 ft 1 produce a momentary increase in curreat flow of 0.02 microamps, Whether
this induction effect is .. satisfactory answer must awzit furiher research studies.

The actual delivery of positive charges ‘0 the collector cannot be fdismissed on the basis of our
present evidence. The fact that the highest values are intimatcly associated with localized air move-
ment when the major axis of the jet streum is m the immediate vicinily raises the alternate possi-
oility that the space charge effects produced or carrizd by a jet stream must reach the collector to
cause the cbserved effects.

One of the meteorolngical phenomena I have found to be closely associated with the major axis
of a jet stream is a zone of gusty winds at ground level. These occur mostly when the lapse rate
is high. It 1s under such conditions that space charges might be .ransported from higher levels
toward the ground. A study of variations in uzone content of the lower air in regious free of air pol-
tution might shed light on this transpor. mechanism since it might be expected that the ozone con-
centrat.on would also be high under a jet stream if air from high altitude .eaches the ground.

The formation of liquid-water clouds above the station is nearly always accompanied by a de-
crrase in value of tlhie positive air to Earth current. It has been observed many times that with a
jet stream overhead contaiming cirrus elouds and causing probe tc Earth currents of the order of
0.04 to 0.07 microamps the formation of 2 small strato-cumulus cloud directly above the station
\ at an altitude of 5000-8030 ft will produce a dip in the current flow to a value of 0.015 to 0.025.
Whetner this effect is due to shielding or to the actual developmant of a localized negative space
charge is ar interesting question,

The neec for studying jei stream electrical effects with a network of statiors--If it can be proved
that what I have termed jet stream electrical effects are actually related to these high velocity streams
of air, a videspread network of observing stations should be established for continuously monitoring
such locativns. A preliminary attempt in this direction is ready to operate. Recording stations are
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establisted as a cooperctive project at Buffale, Syracuse, ana Schencctady in New York; Mt. Wash-
{agton ia New Hampshire; Boston ami Foxboro in Massachusetts, and at a location in New Jerse;.
With such a network it should be poscible t-. estsblish the sunsitivity of the method for lucating a
jet gtream, since 2nceilent examplss are of common occusrence 1n the nertheastern Umited States,
A much smaller tripartite network with base lires of about 20C it is ia use by the wriei for a study
of local effects.

The main purpose of this paper is to diract attenticn to tils inigresting phenomeron and to
pcint cut the possibility of studying it with inexpensive equipment. Studies should be made in other
regions of the worid to distover whether the etfects are widespread cr only of a relxtively incal
nature. Impocant new disccveries are likelv {¢ follow,

Acknowiedg ments- -Until recently the observations made by the writer were iaede in coopera-
tion with Rayinor< Falcone: at the Gencrai Eleetry. Rescarch Lahosasory, under thei: sponsorship
as well »s that of the U}. & Army, Navy, an. Air Feree who sponsored ontracts of whick the atmo-
spheric elestrical studi = were a small pari, At the present tire, the writer’s work is being coa-
ducted as part of ‘he basic research program ia at aospheric physics of The Munitalp Foundation,
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DJURNAL VARIATIONS IN ATMOSPHEERIC RADIOACTIVITY

E. S. Cotton

Geophysics Research Directorate, Air Force Cambridge Research Center
Air Research Development Command, Cambridge, Massachuset: s

Abstract--Continuous measuremenis of the ionization produced inside two chambers

< operated at Bedford, Mass., during the avtumn months of 1952 and 1953 arz discussed,
and comparisons are made with meteorological data at ground level, One of these cham-
bers was constructed by the late G. R. Wait and has a cellophane wall of 1.6 mg/cin
absorption thickness. The second ¢hamber uses a screen-wall and ar outside clearing
field to eilminate residual ions. The chambers and their modes of operation are de-
scribed. Significant cases of meteorological influence are shown, and the order of mag-
nitude of \he diurnal changes is verified using diffusion concepts.

LI T LS et A v L

Experimental arrangement--The diurs:l variations in atmospheric radioactivity have hecn in-
vestigated at many locations throughout the world since the fir .t ubservations iu the early part of
this century [BECKER, 1934; BLIFFORD, LOCKEART, and ROr < ~NSTOCK, 1952; CULLEN, 1846;
HOGG, 1925; MACEK and ILLING, 1935; PRIEBSCH, RADINGER, and DYMEK, 1937; WAIT, 1946;
WILKENING, 1952]. The general characteristics of such variations have been shown to have sig-
nificant correlations with meteorological conditions, varying from peint to point according to local
atmosgheric circulation and surface composition. It is the purpose of the gresent paper to describe
. diurnal effects under seles .d metecrclogical conditions at a particular site, and to relate these
effects to turbulent exchr .. - in the surface layer of the atmosphere.

i A i

3 The experimenial equipment consisted of two ionization chambers of c¢ylindrical shape. The

- first was constructed of wire mesh supported at the ends by wooden disks and covered by cellophane
of 1.6 mg/cm* thickness. The collecting electrode was a brass rod of 3.2 mm diameter; the cham-
ber was 21.8 cm in diameter and 36.5 cm in length. (This chamber was used by the late G. R. Wait
at the Carnegie Institution for several of his experiments on atmospheric sources of iomization.)
Insulators of amber and te‘lcn were usea during different perlods. This will be referred to as the
cellcphane-wall or thin-wall chamber.

The second chamber, more complex in construction, consisted of an interior wire mesh cylinder
20 em in diameter and 60 cm long supported on luciie disks, which were also covered with wire
mesh. This screen was composed of 0.12-cm wire, 0.5-cm mesh and served as the high voltage
electrode. On its axis, supported by a teflon insulator, was a 0.95-cm diameter collecting electrode
of copper tubing. The entire chamber was surrounded by a second cylinder of wire mesh, 2.86 cm
from the inside cylinder, and supported by aluminum disks on either end. The lower disk was the base plate
and guard ring. The entire outer assembly was maintained at the potential of the electrometer case.

i The field which exisis between the outer grcunded screen and the inner high voltage screen is
sufficient to collect and effectively remove most of the atmospheric ions which would disturb the
chamber. It does this quite well in a still atmosphere, but air currents through the chamber are
disturbing and have been avoided ia the coutinuous measurements. This chamber will be referred
to as the screen-wall chamber.

T e ey

Each chamber was mounted on the preamplifier unit of a Model 30 Applied Physics Corporation
1 vibrating-reed electrometer, and resistors appropriate to the measured current were attached so
¥ that the electrometer effectively measured the voltage developed across the resistor. The voltage
from each chamber was recorded on an Esterline Angus milliameter with a chart speed of 3/4 inch
ner hour. One hour time marks were produced by interrupting the current at hourly intervals.
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The background contribution of the screen~wall chamber was found to be quite high when it

) was first assembled. It became necessary to silver-plate ali the exposed metal parts in order to “1
reduce this background to a reasonatle value. L’;
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The investigations to be discussed were carried out at three locations in the vicinity of Hanscom
Air Force Base in Bedford and Lexingtun, hassachusetts. During the autumn of 1952, the cellophane-
wall cha.mber was operated continuously in a truck which was parked on the air base in a wooded
are2. The elevation of this site was 140 ft above sea level. Air was continuously exchanged between

x
,&3 the truck and the outside by means of an air conditioner fan.
:S:;
%‘:‘5 During the summer of 1953, the truck was taken to the top of 2 hill about one mile from the 1952
354 site, at an elevation of 306 ft. This aill is th. highest polnt in the area. Both the cellophane-wall
A and the screen-wall chambers were operated at this site. $

In September, 1953, after it was found that diurnal effects on the hill were extremely small, the
truck was moved back into the valley to a site only 1300 ft from the 1952 location, at an elevation of
125 ft. The remainder of the data was taken here with both chambers operating contimiously.

Ia all of these measurements the emgphasis was on the diurnal variations of the cucrent in the
chambers rather than the absolute value of the rate of ionization per unit volume. However, we can
take the average minimum values of current in the chambers to be representative of the so-called
‘normal’ rate of ionization. For these values we obtained 9.4 I for the cellophane-wall chamber and
12.7 I for the screen wall chamber, where I denotes the number of icn pairs produced per cubic
centimeter per second. If we assume for the moment that background contributions due to chamber
contamination as 2 negligible, then using the data of BESS ana VANCOUR [1951] the screen-wall
caamber has a minimum contribution due to alpha emitters of 7.1 I, and the cellophane-wall chamber,
a contribution due to alphas of about 3.9 I, The ratio of the coatribution in the thin wall chamber to
that in the screen-wall chamber would be thus about 0.55. However, taking into consideration the
factc that the thin-wail chamber can be s«nsitive only to alpha particles waiek osriginate outside the
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Fig. 1--September 7-9, 185%; full scale 1onization = 471
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Fig. 2--September 20-22, 1952; full scale ionization = 47 I

chamber exclusive of contamination, and that the screen-wall chamber is sensitive to alpha particles

originating both within and outside of the chamber, it has been calculated that the ratio of the alpha

particle contributions within the thin-wall chamber to that within the screen-wall chamber should be

about 0.15. From this it can be estimated that the contamination contribution is about 3 I in both

chambers. The observed value of the ratio of current changes averaged over all the diurnal varia-
ions studied is 0.12, which is not in disagreement with the calculated value, 0.15.

Data--Those days on which significant diurnal effects were observed were selected from the
pericds of measurements and displayed with simultaneous records of surface temperature and wird
velocity obtained from the Hanscom Air Force Base weather station. The meteorological variables
were not measured continuously but were observed at least once an hour. In all cases except one,
where pronounced nocturnal increases in ionization were observed, the wind speed was less than
one knot. In order fo gai.: a qualitative understanding of the variations and their relations to one
another, several of these cases are presented. They are arranged in chronological order.

In the 1952 series (Fig. 1-5) the upper record shows the variation of temperature, the middle
record, the ionization rate, and the lower record the wind speed. The cross-hatched areas cn the
wind record indicate changing wind direction. The arrows fly with the wind; the directions are the
usual map directions. Time increases from right to left in all cases. Each figure represents a
forty-eight-hour period of observation.

September 7-9, 1952 (see Fig. 1), the full scale reading on the ionization record corresponds
to a 100 mv (instead of 1 mv) drop across the resistor connected to the centrzl electrode in the
ionization chamber. Full scale readings correspond to an ionization current of 10.3 x 10-14 amperes
or an ionization rate of 47 I. One can see from this illustration the general nature of the “ivrnal
curves. A single large maximum is observed in the morning at about 07h, as observed in many
other places. The rapidity of the decrease from this maximum, and the onset of wind after the
nocturnal calm are characteristic of surface temperature inversions and their subsequent dissolution.
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Fig. 3--September 27-28, 19852; full scale {onization = 471
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Fig. 5--October 14-16, 1952; full scale ionization = 471

Both of the variations shown here occurred with calm periods throughout the gic¢wth of the maximum.
No secondary maxima are seen. Fine weather associated with a high pressure area dominated the
period. Ground fog was present from midnight until 06h 30m during the morning of September 9.

The data for September 20-22, 1952 (Fig. 2), show the retarding effect of even a slight circvla-
tion on the development of an ionization maximum. Although meteorological conditions are approx-
imately the same during these two nights, the development of the second maximum is cut off by a
slight wind. Ionization values remain higher than normal, however, since the temperature inversion
alone can restrict the upward exchange of radioactive emanation.

The data for September 27-29, 1952 (Fig. 3), show the same condition even more markedly. A
small amount of horizontal circulation near midnight is sufficient to lower the eventual maximum
in ionization. The secondary maxima seen here and in other figures are evidently asscciated with
deviations from the increasing stability of the inversion.

The data for October 4-8, 1952 (Fig. 4), show how rapidly a small maximum can develop. In a
period of four hours, the lonization increased from 11.8 Ito 21.6 I, or a total of 9.8 I. In terms of
raden emanation this amounts to about 10-15 curies per cubic centimeter. The next increase was
even more rapid, although it appears to have begun before the wind ceased. The cessation of wind
apparently acts somewhat like the closing off of a certain volume within which the emanation may
accumulate; the height of the volume is determined by the lapse rate. For a more complete study
of these phenomena, a measurement of the lapse rate In the lowest 1000 ft or so of the atmosphere
would be necessary, particularly in the first 100 ft above the ionization apparatus.

The data for October 14-186, 1952 (Fig. 5), again show that the slight increase in circulation
just before midnight retarded, and in fact reduced the ionization, so that a secondary maximum is
seen. This effect is usually accompaniad by a change in slope of the temperature curve, although
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Fig. 6--September 28-30, 1953; full scale screen-wall ionization = 72 I;
full scale cellophane-wall ionization = 46 I

very slight. The rapid decrease in ionization on the morning of October 15 seems to be due to the
sudden onset of wind. This relation is not quantitative. .

In the 1953 series (Fig. 6-9), the cellophane-wall record is at the top, the screen-wall record

is second from the top, the wind record is third from the top, and the temperature record is at the
bottom.

The data for September 28-30, 1953 (Fig. 6), show the simultaneous operation of the two ioniza-
tion chambers. The scale for both ionization records should read 1 x 103 mv, or one volt Full
scale for the cellophane-wall chamber corresponds to 10.1 x 10-14 amperes, or 46 ion pairs/cm3/

secé Full scale for the screen-wall chamber corresponds to 21.8 x 10~ amperes, or 72 ion pairs/
cm®/sec,

It is evident that the screen-wall chamnber has a larger ratio of diurnal variations to ‘normal’
readings, over the same period, than the cellophane-wall chamber. This justifies the use of the
chamber, the design and constructivn of which were aimed at an -ncreasing alpha ionization sensi-
tavity. It is also evident that the screen-wall chamber is subject o fluctuations to which the cel-
lophane-~wall chamber doev not respond. Some of these are felt to be real variations in radioactive




I e T

e e E o W o W m W s M W AN R AR SIS NS R AR I A IR O NN TR DR EI M BN M A PR AN R S,

P AL s B g R S =T s S LA ARk

13
ey g
AL AR AR R ARASRAS LS LA AL LALLM R LR LU RL A R RER R L S DA TN,
st S A 2t uant A S e A T Y NN IRARRERT - -
it vt S S w wntnh ya-S S g TY YL .y SR T I R 1 WA Y W . - —————- -
S e .“,:’;“‘L:-_— 3 T .- Tt :{ Porox g ] H — 1 — - T
Tt T AAANEg G E Fl 1 1 I AN —— "I‘
[ —— 7 T - - 0 iy 711 H { MEE - -
- S 7 17 7
- 7 7 -
. (N ;‘ 7 s/ ’- 7 7]7 75 »!1 77z /i ; I L yll i AW BV A 2‘1
<~TIME—
; LAY
1. =13 =
] [ ]
Ty v iit 1 A
M H :i:
1 IR
I Y I A IS £ :/' [ E;
z, - .,’-4 i
7 7777 1 7 7 =
*® 7 + 24 > 7 "
T T % % - % N\ AN T
i S 1 T 1 ve L9 e
A Y T T % % 3 -
N SRR I W . AR
": : :X'L T4 1 L
P A Z NG ! e e
it =y ]
b I Z== BN N\ e
- A Iy == 1 T\~ 7
W/ Tz d A, Wi ]l
OCT. 17,1953 0CT. 18,1953
186 LTV VO W W W W W VO WS A SN~ EMPERATHRE RIS S\ S~ —
4 R WP W W W YL WA Y S S N V. % i IR W W W W Y LAY ML NN > -
_ LR o o 3 LI ! I : SIS YA YU Y e Vv W, Y Y A L W ) R a
: } L T KIS R RS TEES A S T 10 VL e M T Y ;
- } : : : — T+ ;! : Y |
—5Q——- S FREI o g S I N I B A T
i L I s N B HEl S I R | | I [ =
P 7 L7 7 7 7 I 7 A A A AT I B Y I 1 A B B
A 17 ] 7 177 71 77 J. / ; AN R | ] 7 7 77 J 177/ /i ;i 7 [/ : —
4 O 7. 1 77 77 7 J £ 7 s [ L7 f 7 7 7 7 I [/ 7.7 7 7 21 /7 7777 72 [ 1 ;7
3 1=4 g - = = 3 0 v _ 1 = = 1

Fig. T--October 16-17, 1953; full scale screen-wall ionization = 721,
full scale cellophane-wall ionization =461

m‘:m’rm WI':H W

»y

con.ent but others result from atmospheric ions which are forced through the screening field by air

currents. Normally, however, the chamber was operating in a relatively quiet atmosphere, and its f'*
readings are at least indicative of relative changes in radicactive content. This chamber approxi- ¥
mates the infinitely thin wall chamber which we desire for measuring fon production in the atmos- o
phere; its sensitive volume is not blased in regard to the type of ionlzing particles produc- &
ing the lonization relative to the ionization in the free atmosphere. In this figure, the sudden increase 51
on September 28 seems to be linked to a wind-speed decrease and pressure minimum. The fast de- =]
creases from maximum readings on September 29-3C seem to result from the rapid onset of wind on -
both days. The secondary maximum on September 30 occurs during a steady teraperature trend. "f:
Ground fog was present during most of the period of build-up of the maximum (22h 28m-08h 581a). ~

The curves for the data of October 16-17, 1952 (Fig. 7) all show their characteristic periodicities.
The diurnal effects are quite large on the chambers, although by no means as large as some observed
in 1952, when the cellophane-wall chamber often went off scale. This may be caused oy differences

D [

- in soil exhalation, or to the fact that the 1952 area was wooded. However, it is noteworthy that the e
1 topographical gradient was much steeper at the 1352 site, although the elevation wa. nearly the same. ;-«::
Operation for two summer months in 1853 on the highest hill in the area gave almost ne diurnal o
variations, sc that the formation of stable layers in the valley at night seems to be the dominant il
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Fig. 8--October 19-21, 1953; full scale screen-wall ionization = 72 I;
full scale cellophane-wall ionization = 46 I

factor in producing diurnal variations, as expected. The short-period fluctvations in the cellophane-
wall record are due to the effects of the heaters in the truck on the teflon insulator. During 1952,
when an amber * sulator was used, such effects were never observed. Unequal expansions of the
insulator and the surrounding parts of the chamber apparently produce strains which induce a po-
tential on the electrode, an effect which is more pronounced with tefion than with amoper.

The records for October 19-21, 1953 (Fig. 8) show that at about 08h 00m on October 20 a wind
shift occurred at the site, and for a short period there was no wind at all. As can be seen on both
ionizztion records, an increase in emanation resulted immediately. The values before and after
this maximur seem to indicate a difference between the readings for north and south winds. It is M
noteworthy to point out that north winds pass over wooded land while south winds pass over the
runways, roads, and bulldings of the air base. A large maximum developed quring the next night,
but was abruptly cut off at about 01h 30m when the new air mass began to dominate the area and
pressures rose significantly.

Figure 9 shows the data for October 23-25, 1953. By October 23 a low pressure system had
become dominant and light rain was falling at the site. One sees that even under these conditions |
the ionization record shows correlation with decreases in wind velocity, On October 24 the pressure
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Fig. 9--October 23-25, 1953; full scale screen-wall ionization = 72 I;
full scale cellophane-wall ionization = 461

rose again and a characteristic nocturnal maximum began that night. At midnight, however, the
wind begarn and reduced the emanation content quite rapidly. Light rain at the end of the period gave
several sharp fluctuations characteristic of rain showers.

A frequency piot (Fig. 10) shows the time difference in hours between the minimum nocturnal
temperature and the ionization maximnum, where positive values indicate a temperature minimum
prior fo the ionization maximum. Also indicated are time differences between the beginning of
the wind on _uch days and the ionization maximum. It is clearly indicated that the ionization max -
imum occurs most often 1-2 hours after the surface heating begins, and thai the decrease from the
maximum is quite closelv associated with the onset of wir.d for days when nocturnal calm prevails.
As stated previously these resuits apply only to such cases. Of course, trapping of emanation
occurs even when the wind does not decrease to such an extent; however, with the instrumentation
available such cases could not be treated. An ideal arrang.-ment would be a series of instruments
on a tower which covld measure simultaneously, at sevoral heights, the ionization, the temperature,
and the degree of turbulence. However, as yet such an arrangement has not been possible here.

Discussion of results--Having available only surface observations, it is difficult to apply these

results to the general problem of the height distribution of emnanation. LETTAU [1941, 1948] has
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10

81 Time of maximum relative
to onset of wind (hours)

Time of maximum
relative to minimum
temperature (hours)

Number of events

-6 -5 -4 -3 -2 -1 0 1 -1 0 1 2 3 4

Fig. 10--Frequency plot of time of significant diurnal changes with respect to wind onset and
temperature minimum (positive times indicate delay of ionization maximum)

solved the well-known diffusion equation for r: dioactive matter using the assumption that in the
surface layer

A=Ay+AZ (z<h)

where A is the exchange coefficient in gm/cm sec, and Z is the altitude in centimeters, The resalt,
discussed in Lettau’s paper, shows that such an assumption leads to an ordinary Bessel equation.
The solution of this equation for various exchange conditions demonstrates that Jhe concentration

of radium emanation in the surface layer is nearly constant. However, A1 is quite different for
nighttime inversions and daytime convection, as is also the height of the surface layer. We shall
assume Lettau’s estimates of these values, where h is the height of the surface layer:

For strong convection A;=0.02gm /r:m2 sec, h = 200 meters
For nocturnal inversion A = 0.004 gm/cm? sec, h = 50 meters

We can then calculate simply the order of magnitude of emanation content for the two conditions.
If E is the exhalation in curies/cm2 sec, and S the radioactive content in curies ,’cm3, we can derive
from the continuity equation an expression for equilibrium in a surface layer column of air of unit

cross section
h h
Ej[xsaz- L dA &S e (D)
o P dZ dZ

where h is the height of the column, A is the disintegraticn constant, p is the air density and A is
the exchange coefficient. (We have neglected a term in d-?s/dzz.) The gr-ient of S at the top of
the column is a critical factor in this problem. Its evaluation is difficult, particularly in this case,
since the emanation content changes rapidly above the surface layer, but is al:nost constant within
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ft. We shall assume therefore, that within the surfar . jayer S =S, + 51 Z when Z < h, where 50>
81 Z. Thus

E = XSgh - AS;h2/2 + (A1h/p) 84
EZASch+A4hRSy/p
se that we get

So=[E - (A{0/0)SI]/AD « v vvnnnnnns e RO ¢

Pufting tae values in this expression for strong convection, with E = 40 X 10-18 curies/cm2
sec, A=2 X 1076 sec™%, and assuming Sg is about 400 x 10-18 curies/cm3 during the day, we obtain
a value for the gradient

S1 = 0.7 x 10-22 curies /cm4

During the nocturnal inversion, when equililrium has been reached, the decrease in layer depth
zlone will cause the gradient to increase. Thus, we take Sq to be about 3 x 10-22 curies/cm4, and
solve tor S under thz nocturnal conditions. We obtain

S, = 3500 x 10-18 curies/cm3

and the ratio of night to day readings is 35G0/4G0 = 8. This agrees withk the order of magnitude of
the averzge observed ratio of night to day readings, although several are larger than this by a factor
of two. However, variations in exhalation, in the height of the surface layer, and in the gradient can
all produce changes in this ratio quite easily. Qualitatively, one bas an understanding of the process
from (2); the forreation of quite dense emanation layers can be explained by simple flux considera-
tions in the layer, coupled with the effects of radicactive disintegratian.

A detailed study of these varizations could be carried out with instruments at va -ious heights,
so that the gradient of emznation content could be measured, as well as the thermal stratification
which is responsible for these chenomena.
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DISCUSSION
CONCERNING TH 2 PAPERS PRESENTED ON THE MORNING OF MAY 19, 1954
AND RLLATED ATMOSPIIERIC ELECTRICAL PHENOMENA

H. Israél presiding

Dr. Israél--This morning we hac some very intcresting papers on atmospheric electricity and
its relation to meteorology. The session this afternoon will be open to specific discussion on the
experimental techniques and results of the work described this morning. It will also be open to
ge-i~+al discussion on problems in this field.

Dr. Barklie--I would like to have Dr. Koenigsfeld explain how his instrument worked in a little
lore detail.

Dr, Israél--I believe Dr. Chapm>an has a similar question?

Dr. Chapman--Yes. Do I understand that Dr. Koenigsfeld used two separated radioactive col-
lectors?

Dr. Koenigsfeld--In 1ae. suring the potential gradient we used two polonium collectors separated
by a verticai distarce of about two meters. The collectors were suspended from a balloon by a nylon
cord 100 m leng., One collector was connected t» the plate of a triode and the other to the cathode
so that the plate was normally at a negative pctential with respect to the cathode. The cathode-grid
current was passed through an inductance coil wiiich is . wrt of the oscillating circuit of the radio-
sonde. Variation in the current changed the frequency of the transmitted signal. The system could
measure either sign of potential gradient. The time constant of the radioactive collector system
was about three seconds.

Dr. Swann--In connection with potential gradient measurements, I would like to refer to a sug-
gestion T made a numbe. of years ago for eliminating the effect of charges .n the apparatus. Con-
sider a body of any shape and charge distribution attached to a cavity C, We observe that if this
apparatus is put into an extensive uniform ficld X, the field inside C will be independent of all that
concerns the charge on it other than the charge distribution *nduc. by X, and thus, it will depend
only upon the geometry of the whole system and upon the field X. Tne field in C may be small but

there is no difficulty in measuring small fields. The apparatus can readily be standardized by the
use of a small scale model.

With regard to v. ]. Schaefer’s paper on the Observations of Atmospheric Eiectricity under
Jet Streams, I would point out a= follows: Suppose we have one gram of radium giving 3 x 1010
alpha particles per secoad. This gives about 2 X 109 x 3 x 1010 = ¢ x 1019 ‘ons/sec which corre-
~oads to about 6 % 1015 x5 x 10710/3 x 109 = 10-3 ampere. A millicurie would give 10-6 amp.
+ e field near the disc is such that ircm the five centimeter range of the alpha particles all the
«ons are collected, the current obtained is simvoly representative of the foregoing. If there is wind,
that which is measured is something depending apon wind, collector size, height, etc.

I srggest that in using values for ionization per cc due to cosmic rays, we calculate the results
from the at. on ths number of rays rather than from ionization chamber measurements.

Dr. Weickmann--With regard tc the increase and decrease of potential gradient at high altitudes
reporied by Dr. Ko>nigsfeld particular' at the -32°C level, I should like to mention some aircraft
measui ements carriec out by Dr. aufm Kampe and myself. We found that - uite often haze layers
occurred up ¢ 10,9C3 m. It may be that the fluctuations measured are connected vith such haze
layers. They may also be conne ~ted with cirrus clouds which occur correspondingly quite often in
78
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layers and whose base temperature was found to be at the -317C level on the average. Since the
individual base temperatures, however, varied between about - 15" and -50"C, une cannut say that
the -31° level waz an especially significant one.

Dr. Gi.a--This morning I was reminded of some uof our own difficulties in aircraft measure-
wents of atmouspheric electrical elements when we entered clouws or regions containing particulate
matter.

In our flights over the Pacific and the scithwestern United States we first noticed the effect of
haze and cloud droplets on air conductivity measurements. If solid particles impinge on the central
electrodes of two Gerdian tubes, vne measuring positive and one, negative conductivity, the charge
imparted to the electrodes will cause the apparent conductivity of one sign to rise and the apparent
conductivity of the other sign to fall. In order to recognize this effect it is very important to have
two conductivity equipments in aircraft measurements.

The ratio of positive to negative conductivity in the general vicinity of thunderstorms varied
considerably. This rativ was usually greater than unity at altitudes lower than about 20.000 ft and
it tended to be less than unity at higher altitudes.

For these rcasons, except on clear days, one m .-t not place too great confidence in the precision
of conductivity measurements.

Dr. Israél--I believe that Dr. Hogg has a question with respect tc large ion content and the con-
ductivity.

Dr. Hogg--In regard to Mrs. Sagalyn’s paper, is it necessary to measure the background with
still air in the apparatus, and secondly, would there have been a suffi~ient number of points on the
characteristic of current against voltage in its ncrmalized form to show whether there was any in-
dication of definite species of large ions?

There is yet a third question, regarding the variation of conductivity with height.

Mr. Gish in hi, work showed this to be expressed by a quadratic formula. Would your rasults
be approximated by this simple equation?

KL IT AP ol S ol W B, T oy T
R TR T T i ST

Mrs. Sagaiyn- -I shali try to answer Dr. Hogg’s questions in order. First, the background sig-
nal for the three ion counts ured in these experiments is measured and subtracted from the total

signal. It is obtained by shulting off the air flow in flight by means of a remotely controlled air &
valve. hed
Second, the contribution to the total icn content (with mobilities between 0.7 and 2 x 1074 cmz/ L)
sec volt) of charged particles in the mobility region 0.7 to 5 x 10-3 cm2/sec volt is usually found to %_
] ariount to aJt tnore than ten per cent. The mobility at which the maximum concentration occurs is F
2 about 8 x 10-4 ¢cm?/sec volt. =
Third, the conductivity distribution in the exchange layer does not follow a quadratic relation '»‘
either in the mean or for individual days. Abcove e exchange layer the distribution roughly follows -]:.
a quadratic relation. &
n\_"
Dr. Gish- -1t should be pointed out that the quadra‘.c formula is an approximate empirical ex- Eé
pression which was useful in presentation of the thundersturm results where hirk precision was not by
required. The quau.atic relation is not a good fit for the stratosphere data. {
Dr. Bricard--What was the effect of charge on the aircraft in Mrs. Sagaiyn’s measurement of ;:
conductivity 7 “
2
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Mrr. Sagalyn --The cifect of aircraft charge on conductivity measurement has been investigated
and the results Lave been reported in the Journai of Geoghysical Research in 1952, Briefly, the
rnormal fair weather charge has a negligible effect on the measurement of conductivity of either siga.

Dr. Weickmann--In connection with Mrs. Sagalyn’s measurements 1 wish to call attention to
sme aircraft measurements of the number of condensation nuclei which I have recently made using
an Aitken nucleus counter. This counter was kindly loaned to us by the Carnegie Institution. The
number of nuclei versus altitude shows the same characteristic as the number of large ions. A
marked ‘exchange layer’ has 4 nucleus concentration between 10¢ and 10° per cm3. Above this layer
the concentration drops to 102 to 103 per cm3,

Dy. Isra€l--Dr. Chapman, you have a question on the conductivity measurements in the free
atmosphere ?

Dr. Chapman--In Dr. Stergis’ measurements, the conductivities on ascent and descent were
differeat, and it was thought the difference might be attributed to electrostatic charge on the balloon.
In Dr. Loenigsfeld’s radiosonde data there was no evidence of influence of electrostatic charge on
the balloon. Now then, why are some balloons charged and some not charged, or is this a meaning-
ful question?

Mr. Coroniti--In Dr. Stergis’ and my balloon experiments, all of our ascent data showed con-
siderable variation. Of the eight {lights we made, on only two flights going up did the experimental
data fit the theoretical curve. I think that the variation is due in a very small part to the charge of
the balloon. I the effect had been large, it would have been reflected in the ratio of posittve to neg-
ative conductivities. This was not the case,

Dr. Chapman--I am glad to hear this because it has been my opinion that if the ballcon were
far enough away, the charge ought not to have much effect.

Dr. Curtis--I have one point to make here. The instrument on ascent passes through a volume
of air which previously passed the charged balloon. The swinging of the instrument through this vol-
ume might have an effect, other than the electrostatic field effect.

Prof. Koenigsfeld--Yes, but it is very small when the instrument is between 100 and 200 m below
the balloon at that angle.

Mr. Coroniti--1 wish to make a3 comment on this morning’s presentation ot our papers. I belicve
one of our sources of error was the change of air speed through the conductivity tubes as the equip-
ment osciliated like a pendulum about the vertical. This is i, 1portant because we were operating
close to the knee of the current-voltage curve.

Dr. Israél--Dr. Parkinson has a question on Dr. Stergis’ paper.
Dr. Parkinson--My question is this: Dr.Stergismentioned a theoretical saturation voltage for

tu. Jerdien conductivity meter. This infers that you must know the mobility, and I wonder2d if you
have any data on the mobility?

Mr. Coroniti--We have no direct mobility measurements. Inselcctingthe value of the collecting
voltage we computed the mobility using standard atmospheric tables.

Dr. Parkinson--This question of mobility interests m= because from the data that I took in
1947, T got very swrong eviaence for a diurnal variation in negative small ion mobility which suggests
some sort of change in the nature of the ion during the day, and I wonder how the nature of ion changes
with altitude and I wonder how reliable the theoretical values of mobility are.
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Dr. Israél--We shall now turn to questions concerning the measurement of electrical conduc-
tivity at surface stations of different altitude.

Dr. Kuettner--Did you extend your measurements over more than one year, Dr. S=hilling?
And did you get any seasonal changes? It would be surprising if you cid not, because practically
all meteorological elements, such as cloud types, travel up and down more than 10,000 ft during
the year. From your curve, it was not quite clear whether this is an average value for the whole
year.

Dr. Schilling--Our measurements extended over more than a year. Unfortunately, we have no
definite information of the variation as a function of the season because the data was taken inter-
mittently during two or three seasons. I am quite sure there is a varfation with seasan. We have
some indications, of course, but I don’t think that I want to make any definite statements at this
time.

Dr, Israél--Dr. Nolan wishes to discuss this problem.

Dr. Nolan--In Dublin it was found that the most important element affecting the RaA content of
the atmosphere was wind. Under calm conditians high values were obtained, with increasing air
movement the content diminishes. The atmospheric conditions which favored high values of RaA con-
tent favored high values for the concentration of nuclei, and conversely. A considerable portion of the
RaA carriers have mobility between 0.045 and 0.015 cm/sec volt/cm. With high content of RaA and
high nucleus content carriers of lower mobility appear. The associated variation of the radioactive
and nucleus content of the air may partially explain Dr. Schilling’s results on conductivity.

Mr. Cotton--I was interested to know whether Dr. Schilling thought there was some preferential
mechanism of attachment of the radioactive matertal to the large particles.

Dr. Schilling--To answer this, actually, I bave to cefer to Dr. Israel’s laboratory experiments
in 1934. He xentions selective abscrbtion of radicactive substances by aeroscls. I wonder whether
you wish to comument on this, Dr. Israél.

Dr, Israél--My experiments indicated that there was a close connection between the radioactive
content of the atmosphere and the concentration of mucleti.

Dr. Nolan--In Dublin large values of radaon content are associated with large values of nucleus
concentration. Conditions hich keep radon near the ground act in the sams way on the nucloi.
This phenomenon wauld tend to produce the result found by Dr. Schilling--that the conductivity ap-
pears to be independent of local conditions.

in Dublin it was found that radon was removed from air by passage through a cotton-wool filter.
This is in disagreement with the results of Hess,

Mr. Reynolds--I think I should ask this question of Dr. Schilling and Dr. Israél. I am not clear
as to how one recolves the fact that the conductivity seems to be independent of local conditions and
yet the pctential gradient over tne ocean seems to have a different diurnal pattern than it does over
continental masses. This is true, 1s it not?

Dr. Schilling--If our ideas are correct, it is a varfation of nucle{ plus a variation of radicactive
content. wouid be different over land and over sea, which is in 2 way the answer.

: &
My, Reynolds--I think mavbe this explains why the conductivity does not vary greatly, but I i
1 then do not see how the potential gradient could have one diurnal variation over the oceans and 2 =
different one over the land masses. I tbe conductivity is not affected by local conditimus, how is -

a putential gradient affected by local conditions ? Al
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Dr. Holzer--I believe that the potential gradient is affected by the conductivity, and where the
layer affected is thin, it is well known that there is almost a reciprocal relation betweer the poten-
tial gradient «nd the conductivity. The fact that the mean conductivities show a consistent variation
with altitude does not indicate that the conductivity is constant during the day. Therefore, there is
no implication that the variation of petential gradient during the day should be the same over land
a- " sea.

Dr. Gish--On that point, we had many years of record at Carnegie Institution of Washington on
conguctlvity measurements both positive and negative and potential gradient, and we can compute the
air-earth current density. The air-earth current density as a rule has 2 different variation more
aearly Jike that on the ocean than elsewhere, which is in line with what Dr. Holzer said. That is
certrinly a conspicuous feature seen for years at three or four observatories for which we had re-
cords. Our records indicate to me that the diurnal variation of conductivity at our observatories
depends largely upon the local environment.

Dr. Israél--We come to the paper of Dr. Schaefer. There are some comments, I believe. Dr.
Hogg.

Dr. Hogg--Is there any correlation between the meteorological corona observed around the sun
and EE%—Ei_gB&Eeadmgs given by your apparatus in clear weather ?

Dr. Schaefer--We have attempted correlations but the situation is very complicated. There ar.
times when the effect may be produced by dust which may be local or from some distance away.
Local dust produces a negative current. Dust from distant areas may reach considerabie heights
in the atmosphere and at sufficient altitude may serve as nuclei: for ice erystals. When our currents
are largest, there is usually little scattering near the sun and visibility is unusually high.

Dr. Kuettner--1 bave two questions. First, I have heard that you measure a change of sign of
the current across the jet stream. 1s it correct that either you or Falconer measure different
signs of current north and south of the jet stream?

Dr. Schaefer--A very simple answer is no. In some cases when the jet stream moves north-
ward and Is foilowed by varm air accompanied by low, water clouds, there is a tendency for the
current to become negative under the clouds.

Dr. Kuettner--My second point relates to the attempt to correlate the high fair-weather current
and the jet stream. Those who have triea cther correlations with the jet stream know that there are
several difficulties. There is no general agreement with respect to a definition of the jet stream.

If one defines the jet stream as the region of maximum wind, shown on facsimile maps as an arrow,
one finds that the ‘jet stream’ is within 200 to 300 miles of Boston and Albany on 60 to 70 pet of all
days. It is probably desirable to use 2 more stringent definition of ‘jet stream’: a narrow band
with very limited vertical and horizontal extent wi*h extre.nely high winds. I wonder if you could
call your analysis a correlation with strong upper winds rather than with the jet stream.

Dr. Schaefer--In making observations of atmospheric electricity under jet streams the corre-
lations obfained wr-e related to the WBAN isotach high level charts showing the wind field and in-
dicating the majc. xis of jet streams. Much of this work was done by R. F. Falconer of the Gereral
Electric Research Laboratory who found a highly significant correlation. It should be emphasized
that there are many things we do not know about these manifestations, particularly the sensitivity of
the method for locallzing the major axis of the jet. What is needed is a fairly dense network of sta-
tions which are placed so as to be at right angles to the flow in a region where jet passages are
common. Because of the relative simplicity of the method described it is hoped that such a network
will be feasible.
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While it is true that our data are not conclusive at present for telling the difference between
a jet stream passage or just a general movement of high winds, it is believed that the evidence at
present is highly suggestive. The paper was presented to call the attention of specialists in the
field of atmospheric electricity to a new possibility for the use of this phenomenon.

Evidence has also been found that the initial formation of clouds mmediately above the radio-
active probe have a tendency to depress high values if they are occurring in association with a jet
stream. Thus a current flow of .05 microamps may drop temporarily to 0.015 while the newly
forming liquid droplet cloud is above the station.

Mr. Reynolds--One has to separate electrical effects of clouds from those due to the jet stream.
Effects due to precipitation in associated clouds might confuse the correlation with the jet stream.

Dr. Schaefer--This, I think is one of the most attractive features of these studies--the differ-
ences which occur. With this simple device we may observe a number of effects which clouds pro-
duce. It should be possible to obtain observations tc determine whether the observed effects are
related to early stages of cloud formation.

Dr. Chalmers--There are one or two points that I want to raise. First of all, I would ask Dr.
1 Schaefer whether he has tested his measuring apparatus against more ordinary field machines to
see whether it does give the field or anything more. It seems tc me the radioactive ionization is
goin to be affected by the wind particularly if you use radium. It is important to know whether
you get the same results with ordinary field measuring apparatus.

Dr. Schaefer--In the early phases of our work some attempts were made to calibrate our point
collector with the more conventional instruments. This was not carried to a satisfactory conclusion
due to lack of time and the inadequacy of instrumentation. Since the point collector is such a simple
device, it is suggested that it would be very desirable for several specialists in this field who have
field meters to make such comparisons. I would be glad to cooperate.

Dr. Swann asked me in the moraing the quantity of radium used on the point collector. This is
approximately 250 micrograms and has a surface area of about 1.6 cm?2,

Ay v
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Dr. Chalmers--We have used a field measuring device in conjunction with a photoelectric cell
mounted in a vertical tube to correlate the electric field with cloud brightness. In stratocumulus
:louds the thicker portion contains more negative electricity and the thinner parts less. This does
not quite correlate with your measurements but it may be somewnat similar. We also have made
fine weather measurements and we have not observed anything which clearly corresponds to your
observations.

o
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Dr. Schaefer--About the best I may say in comparing the records, is that a simple radioactive
point compared to more complicated field measuring instruments produces the same kind of records
in a qualitative way. In other words, the variation ir. sign and relationships during passages of fronts
and other meteorological phenomena gives us the same picture. I believe the main interest in this
device is the simplicity of getting measurements of atmospheric electricity even though its cailbra-
tions may be very complicated.
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Dr. Wormell--I think that it is important that Dr. Schaefer’s observations and results should
be irterpreted in terms of more fundamental quantities. The current in the radioactive point will
depend on the intensity of the field in the space immediately surrounding the point, that is, it will
be a complicated function of the potential gradient and of the distribution of space charge; the lat-
ter will depend on the wirnd. The observation that the effect near jet streams requires also a strong
surface wind suggests that the latter is required to blow away the charge coming from the point.

— M““‘

A quiescent cloud, containing no particle of perceptable size, can affect the potential gradient
in two obvious ways. U all the particies are very small, the main effect is simply to reduce greatly
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the conductivity throughout the cloud layer. This will reduce the vertical current and ultimately

the potential gradient near the ground. If the cloud contains particles whose velocities of fall exceed

about 1.5 cmi/sec, they will capture negative ions selectively in the normal fine-weather field and

the lower part of the cloud will tend to become negatively charged. This process may conceivably -
reverse the normal field. They appear to be observed with some, but by no means all, small cumu-

lus.

An enhanced field near the ground, when a zone of strong wind is overhead but the sky is quite
clear, is more difficult to explain. It implies an enhanced vertical current. Is it conceivable that “
the converging of the air stream at high levels to form the jet has caused an enhanced supply of ions
to be fed in overhead, thus giving an increased current?

Dr. Israél--Are there further individual guestions or comments on the various papers? If not,
we should have a general discussion now on the problems presented in the papers of this morning.

Dr. Byers--I was gratified to note in these papers a presentation of electrical properties of the
atmosphere in three dimensions. Meteorologists, as most geophysicists, are interested in the atmos-
phere as a whole. Vertical and geographic distributions such as those cbtained by the Carnegie
Institution are needed.

Dr. Gish--1 want to make one statement following what Dr. Byers said. I like to think of the
statement that was made by Lord Kelvin in connection with atmospheric electricity, that we need
a geoelectric survey of the Earth just as we need a geodetic survey of the Earth. i

Dr. Cha:mers--Space charges in the lowest few hundred feet have a considerable effect on the
field as measured at the Earth’s surface. By the use of two field mills separated by 100 m in the
direction of the wind, effects have been found which are explained by space charges moving with
the wind. Some of these are due to puffs of smoke from railway trains, others are probably due to
convection cells or ‘bubbles’ of diameters of he order of two km. Atmospheric electrical obser-
vations may serve to give information about air motion in the absence of clouds.

Dr. Holzer--Before discussing my principal point, I wish to say that Dr. Schilling and I have
made a few measurements with two field measuring devices, one downwind from the other. We
have obtained some results which tend to corroborate Dr. Chalmers observaticns. I feel that meas-
urements of the type Dr. Chalmers described offer a very interesting approach to small scale me-
teorological phenomena.

Mr. Wyckoff, Mr. Coroniti, and I have been discussing the desirability of making atmospheric
elecirical measurements at altitudes greater than those which may be reached with high level sound-
ing balloons, particularly between 35 km and the ionosphere. This region of the atmosphere can be
explored by rockets but the measurements are time consuming and costiy. Therefore, it seems ap-
propriate to ask the opinion of members of this group with respect to the desirability of making the
effort.

The recent measurements of conductivity made with sounding balloons and described here this
morning suggest that the conductivity increases up to 30 km as it would be expectea to if it were
due to cosmic ray ionization. The conductivity may, of course, continue to increase in like manner
up to the D region with no exciting anomalies. However, there is the interesting possibility that an
anomaly may exist near the temperature minimum at 80 km. At high latitudes noctilucent clouds are
observed at this level and recently Miley of the Geophysical Research Directorate has obtained pho-
tographs of clouds between 70 and 80 km at White Sands using rocket-borne cameras. If such clouds, !
not visible from the surface, are a persistent feature of the atmosphere, they would create a layer 1
of low conductivity at night when the D layer is dissipated by recombination. !
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In region.. o1 the high atmosphere #h« . e inere are no significant particle concentrations, the >
3 measurement vt cunduct.vit, or ion dewsity wgether with cusmic ray ionization would provide a §u
me..:s uf measuring the ionic recombination coefficient at low pressures. This cannot be done .
3 conveniently in the laboratory because of apparatus walls. B
< i
)
Measurement of the electric field at high altitude would be more difficult because it is certain :
3 {0 be small and because the rocket will in general be charged. &j
B
3 1 have mentioned only two or three examples of high altitude measurements in the hope that o)
4 some of you may wish to offer alternate suggestions or to express an opinion with respect to the =
: value of these measurements which require considerable effort. =
Mr. Burnight--Dr. Holzer’s comments on such experiments on conductivity, potential gradient, :;
and air glow are well founded. Such experiments have been performed by the Naval Research 3
3 Laboratory in a preliminary fashion sufficient to prouvide some data establishing the feasibility of -
e such a program of investigation. Over five rocket flights beginning as early as 1947 have been =
1 successful in providing interesting results, At altitudes above 70-90 km, the interpretation of L&
] these experiments becomes very difficult; therefore, this work should be intensively studied and :
E expanded, T
= \'h:‘.
Dr. Israél--Are there questions too? B
, - - G
3 Dr. Fuchs--I refer to the words of Professor He.zer and should like to say a few words about
the problem he mentioned. The noctilucent cloud layer, is of greatest interest for it is situated be-
tween the lowest part of the ionosphere and the upper-most boarder of the ozonosphere.
=r
Therefore, all that happens in this thin region is of outstanding interest. We have not only to )*:
understand thermodynamical events therein, but also their origin. At the moment, very little is it
known about this region and I may draw your attention only to the fact that this level is also that
of the reflection of the very long radiowaves, the only ones which in long-distance transmission =
are very little affected by disturbances due to solar flares. You know the practical importance of ~
this problem and also the extensive work done in forecasting the variation of the electromagnet.c ol
behavior of this reflecting layer. iy

Furthermore, this region is that which regulates or controls the propagation of the click e

sferics produced by lightning flashes. B

If you intend to help those men who have to make forecasts for this practical purpose and
others, you must not forget to deliver to them the knowledge they need about the physical status 7,"::

and the thermodynamical behavior of this 80-kilometer region. Our knowledge of this region is R

4 small. The very seldom possible observation of the noctilucent clouds is the only one which gives :,‘
3 us a little knowledge about the direction of air mass transport in these regions. A
1 2]
This is much too little and, therefore, it is high time to use new and effective means to in-

crease our knowiedge about this physically, highly interesting region. =

ne

Dr. Isra&l--I thank you very much. "

1 ;}L
Y

s

T

N

= X
il

= Py
: s
=X




A SURVEY OF AIR-EARTH CURRENT OBSERVATIONS
A. R. Hogg

Commonwealth Observatory 4
Canberra, Australia

Abstract--Most atmospheric electric quantities have little more than local signifi-
cance and reflect mainly meteorological, industrial, and domestic conditions at the place
of observation. An exception is the world-wide simultaneous diurnal variation in poten-
tial gradient over the oceans which is attributed to changes in the potential V, of an upper
conducting layer in the atmosphere.

The present work uses an equation for the variauon of conductivity with height de-
termined by Gish and Wait to fix a relation between the total conductivity at the ground
(Ap) and the air-earth current i. It is found that a parameter a = i/Ag 0-5 should be sta-
tis?ically proportionai to V. Accordingly mean values of a should show a parallel vari-
ation with the time even for widely separated stations. This is confirmed by an exam-
ination of results from Watheroo, Huancayo, and Tucson.

The aim of this work is to find some world-wide regularity amongst the many published ob-
servations of atmospheric electric quantities at various land stations. It is well known that the
most frequently measured atmospheric electric quantity, the potential gradient, is subject to great
fluctuations from station to station even on electrically quiet days and that, ovar land, the character
of the variation changes from place to place in no very regular way. Even thc habits of the popula-
tion surrounding the station can influence the variation of the Earth’s field as may be instanced by
the change in standard time of the maximum at Kew with the introduction of summer time [WHIPPLE,
1929] or the excessiva range of gradients encountered by SAPSFORD [1937] at Apia on Sundays dur-
ing and after intensive cooking operations by the inhabitants.

Atmospheric electric conductivity over land is also subject to much variation from place to
place. The ccéaductivity depends on a balance between atmospheric ionizers, atmospheric pollution,
and meteorological conditions and may change from place to place by a factor of 25 or so, again in
a highly individral fashion. There is less variation in the air-earth current than in the other quan-
tities but even here mean values vary by a factor of four or five from station to station and again,
from rather scanty knowledge, the diurnal variation does not display any conspicuous regularity
from place to place according to universal time, although there is a tendency for the quantity to be
a maximum in the morning according to local time.

Outstanding regularities have been demonstrated by MAUCHLY [1926] in the resuits of the
cruises of the Carnegie, namely, that over the oceans the diurnal variation of conductivity is negli-
gible and that the variations of potential gradient and air-earth current at all places where measures
were made during fine weather both follow the same diurnal course; that is a single wave with a max-
imum at about 20 hours GMT. This result has been confirmed by later work, TORRESON and Others
(1946]. It supports the often-used model of the fine weather atmospheric electric process as a leak-
age current across the dielectric of a gigantic spherical condenser, with the Earth’s surface as
cathode and a conducting region in the upper atmosphere as anode. The conductivity of the anode
region is sufficiently high compared with the conductivity to ground to ensure that changes in the
potential of the anode region take place simultuneously or nearly so over the whole Earth. As well
known, WHIPPLE [1929] following a suggestion by Appleton has been able to show that the world-
wide variation of gradient over the oceans is in phase with the global variation of thunderstorm
frequency. This, coupled with the more recent work of GISH and WAIT [1950] on the electric cur-
rents over thunder clouds, does much to support the idea of the thunderstorm as the major agency
for maintaining the Earth’s field.
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Traces of the ‘ocean’ type of werld-wide variation of potential gradient are found at land sta-
tions under conditions of presumably vniform conductivity. For exan.ple, ALLEN [1939], has found
that on Mt. Stromlo the first harmonic of the potential gradivnt nurmally shows a maximum at 22-
23h GMT, but on days of contii.uous wind, the variation more closely approaches the ocean type and
shows a maximum about 19h GMT with a big ve luction in the amplitude of the second harmonic.
This again supports the idea of an unper conducting layer.

Obviously the common factor which will appear in all atmoaspheric electric potential or air-
earth current resulis is the potential V of the conducting layer. This, combined with a concept
developed by GISH [1944], namely, the columnar resistance of the atmosphere R (that is, the resist-
ance of a unit cross seclion of the atraosphere between ground level and th. conducting layer) de-
termines the air-earth current i at any locality. Summarizing

i=V/R

Of these three quartities it i5 practicahle to measure regularly caly i; but an estimate of R may be
obtained from the variation of conductivity with height. GISH and WAIT {1950] have shown from the
results of the Explorer Ii ascent as well as from a number of aeroplane flights that the conductivity
at a height h is given by expressions of the fcllowing form: for positive conductivity

- 2

for negative conductivity

- 2
)\2 = 7\02 + b2h

where Agj and Agy are positive and negative conductivities at ground level respectively and by and
by are constants which differ from each other. Accordingly without distinction of sign

)\=7\1+7\2=)\0+bh2

Whilst Ag is relatively well known, information about b is scanty being effectively limited to the re-
sults quoted above where an average figure of b = 44 x 10-10 (for conductivity in units of ohm-lem~1
x10~8 and h in cm) is given. The value of b may be expected to depend to some extent on meteoro-
logical conditions and to vary from place to place but probably to a less extent than say Ag. The
resistance at any height is

p =1/(Xg + bh?)

and the resistance of a column of the atmosphere of unit cross section up to a height h is

h .
R}, = fo pdh = (brg) 03 tan™! [n(b/np)0-5]

For large values of h (15 km or more) the value of the tan~! term commences to approach its limit-
ing value of 71/2 and with a consiaeranle degree of approximation it is possible to express the air-
earth currant as

P20 % V. (1)

With representative values of 7\0 = 300 x 10718 ohm~! cm~1 and i = 250 x 10-18 amp cm~2 and the
value of b givea above V = 3.4 X 10¥ volt which is about the accepted value.

An cbjection may be raised to tais method of approach because the conductivity of the upper
- portion of the atmosplere, is presumably controlled by the absorption of cosmic radiation and ionic
recombination in clean air; that i=, by mainly constant factors, whilst the conductivitly of the lower
layers, which contribute largely to the total resistance of the atmosphere, is greatly dependent on
variable metcorological conditions and accordingly the total effect would need ic be represented by
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a more complex equation than that given above. Whilst this may be so, attentlon should be drawn

to curves by WHIPPLE [1936] comparing the percentage diurnal variations of the columnar resist-

ance over Kew with the specific resistance of air near the ground. Under both winter and summer

conditions the two curves run largely in parallel except for a short period about 03h GMT (rresum- -
ably before diurnal convection has become effective in dispersing the early morning pollution) when

a maximum of resistance near the ground is not reflected in the columnar resistance.

To examine (1) it is convenient to define the quantity a = i/)\oo'5 22 (2/3) b0-3 v, It is not to be
expected that a will necessarily be a constant, for b might vary from place to place and with the P
season, whilst V, although probably constant for all places at a given moment, might varv with the
time. However, it might be expected that values of b at any one place over an integral number of
years would be nearly constant and that V (as it averaged over the globe) wovld not vary greatly.
Thus annual averages of a may be roughly constant. The relation is best shown by plotting annual
means of i and Ag0.5 (Fig. 1). The derivation of this figure and the sources of the data are listed
in another place [HOGG, 1950]. Some additional references have been made and figures revised
using data given for Watheroo [TORRESON and WAIT, 1948}, Huancayo [WAIT and TORRESON, 1948],
and Tucson [WAIT, 1953]. The averages used are derived only from sets of observations which ex-
tend over a reasonably long period, at least twelve months and usually much longer. The results
are not as homogenous as might be desired having been obtained by several different methods, and
this could account for some of the scatter.
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The relation between i and A0-5 {5 also shown to some extent in results from a single station. s

Monthly averages of observations from one sta‘ion were arranged in order of conductivity and

divided into groups coataining equal numbers of observaticas from which means were fqund. These

arc shown in Figure 2 for five stations. That the relation holds individually for the stations suggests

that b and V or at any rate the product b0-5V does not vary much. It will be seen later that whilst V
apparently undergoes regular increases and decreases these do not amcunt to more than a few per s
cent in the mean and thiz would not be very appreciable in Figure 2 even .f changes in b did not occur.
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The analysis offers the opportunity of ex-
amining long period variations in V. If values
of a for any cne place be averaged over a few
years it might be expected that the effect of any
random local fluctuations in b would be elimi-
nated and that any residual systematic variation
could be attributed to changes in V. In this case
values of a okla:ned for different stations would
show parallel variations with the time. Long
series of observations suitable for this purpose
are rare, especially as it is also required that
they should be carried out at the different
places by carefully standardized .nethods. For-
tunately three homogenous sets of observations
are available. They were obtained by the Car-
negie Institution’s equipment at the widely sep-
arated localities of Watheroo, Huancayo, and
Tucson, where continuous recorders of similar
pattern were installed. The annual means of
i/Ap -5 for these three stations have been
worked out from ths published data mentiocned
above and are shown in Figure 3 in the form of
running means for periods of four years. This
degree of smoothing appears to be necessary
to remove chance fluctuations. Each point,
therefore, represents an average of between
10,000 and 20,000 hourly readmgs. There is
a remarkable similarity in the course of the
curves for these three stations. At Watheroo
and Huancayo, where the observations cover
the same period, maxima occur in 1928 and
1940 with minima at 1933-34. The relative
heights of the maxima differ at the two sta-
tions, the 1940 maximum at Huancayo being
higher than the one at Watheroo. The Tucson
results do not cover the same period but also

show the maximum near 1940. Closer examination shows that the actual maximum plots at
Watheroo, Huancayo, and Tucson occur in 1939, 1940, and 1941 respectively but recalling the
statistical nature of the data it is likely that the three sets of figures could be represented
by curves with maxima at 1840. Fragm.entary data exist for Ebro and Canberra and, though
of considerably less weight than that from the three main stations, support the general trend.
A long series of results has been obtained at Kew {London) but is not used here because of
the exceptionally high degree of atmospheric pollution existirng at that station.

Normalized points (that is, percentage deviations from each station mean) {or the con-
current portions of the data for Watherco, Buancayo and Tucson are shown in Figure 4,
along with a3 mean curve derived for all three stations. The correspondence is not exact
but again the srmiall range and the statistical nature of the results suggests that the resulls
for the three stations might be fairly represented by a common curve.
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The curves of Figure 3 at first shov a cer-

@ tain parailelism with the sunspot curve which is

shown at the lowest curve of the figure. The co-

incidence of the maximum of a is good for 1928 -
but sunspot maxi um of 1938-1839 is somewhat

in advance of the maximum of a, and by 1948 the
curves are anti-parallel. The present results,

like many other atmospheric electric observations,
fail to demonstrate any conclusive solar-terrestrial
relations.
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ME\SUREMENT OF TEL AIR-EARTH CURRENT DENSITY

H. W. Kasemir

Deutscher Wetterdienst
Meteorologisches Observatorium
Aachen, Germany

Abstract--There is no doubt today that the simultaneous registration of the atmos-
pheric-electric field F, the air- earth current i, and the conductivity is necessary for the
evaluation of atmospheric eleciric measurements. in this field the reg stration of the
air-earth current i involves specific difficulties, not only with regard to the smallness
of this current, but also because the conduction current is superposed on the large cur-
rent of influence charges. This troubling influence current can be eliminated completely
as may be shown theoretically and experimentally. From the Maxwell equation the fol-
lowing equation for the current J (through the measuring : ~sistance) is deduced

J=(6/T)i+(1/T)1 - o/T)e~t/T[ 1 &t/Tat

where t is the time, 8, the time constant of the atmospheric electric field at the measur-
ing place, and T, the time constant of the input of the apparatus. The air-earth current i
can be given as a function of time in any form. From this equation follows J =i, for 8=T,
that is, the current ] flowing through the measuring resistance is identical with the air-

*

earth current. The troubling influence currents, which are %’xven by the second term: of the
equation, are compensated to zero. By a more elecirotechnical substitute circuit diagram,
the meaning of the condition 8 = T is demonstrated. From the slow diurnal variations up
to the quick variatioas of lightning flashes the recording of the air-earth current is inde-
pendent of the frequency and correct in the amplitude. The registration apparatus is
simple and the theory is clear so that the air-earth current is now accessible for the at-
mospheric electric technique of measurement.

For a long time it has been poiated out that simultaneous measurement of all of the three ele-
ments of atmospheric electricity is important. For the most part the potential gradient and the
conductivity are recorded and the air-earth current is calculated from these elements. Normally,
the expression ‘air-earth current’ is used for the conduction current whose carriers are ions mov-
ing in the direction of the electric field. This, however, should not be confused with the convection
current which is carried by precipitation particles moving against the electric field and with Max-
well’s dielectric current, commonly called ‘influence current.’ In the following discussion, we sazall
consider only the conduction and influence currents, but not the convection current.

A measurement of the air-earth current, that is, the conduction current, is very difficult since
it is strongly disturbed by the influence current. In the following I will explain 2 method which yields
a clean separation of the conduction current from the influence current. The air-earth current Is
usuzlly measured by means of a plate exposed to the open air. This plate picks up the air-earth
current which then flows through a calibrated resistance to the Earth and the voltage drop across
the resistance is measured. With this method, the influence current is simultaneously being picked
up. This effect is due to the existerce of a capacity between the plate and the air. There exists
also a certain capacity between the plate and the ground. Thus, a capacity lies parallel to the re-
sistance of the air column above the plate as well as across the calibrated high resistance to the
ground below the plate. We arrive at the followinz circuit diagram shown in Figure 1. The follow-
ing is an explanation of the symbols used:

r = the resistance of the unit volume of the air

€ = the capacity of the unit volume of the air
R = the high chm resistance to the ground
C = the capaclty parallel to this resistance.
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- Normally C is only a few puF but it
l may increase to much higher values up to
l 100,000 uuF by long cables or by the addi-

€ ticn of commercial condensers. We will
. see how the accurate measurement of the
te air-earth current depends on the proper
P magnitude of the condenser C. ¢ represents
T s V7777 2 the influence effect of the field and is iden-
; ——] tical with the dielectric constant. This di-
ac electric constant is interpreted in our
diagram as the specific capacity of the
TIC unit volume of air, as will be shown later.
[ The input of the recording device (elec-
trometer or the grid of an electrometer
tube) is connected with the plate P.

Fig. 1--Circuit for measurement of
air-earth curreni Now we will calculate the currents

which flow through each of the resistances.

The idea behind these calculations is to find 4 circuit which allows only the air-earth current but

not the dielectric current to proceed through. the resistance r, the plate, and the resistance R. The

dielectric current, on the other hand, should go through the condenser ¢, the plate, and the condenser

C. At first, the calculation will be given in general terms by solving the differential equation which

is derived from Maxwell’s equations. Later on, we will see that the same result can be obtained

simply through application of Olim’s law using tne circuit diagram. Here we start with the Maxwell

equation

db/fdt+i=c=curlH .. ... iiiinnn oo e (1)
The first term means the Maxwell dielectric current, i is the conduction current; consequently, c,
the sum of both of these terms is the complete Maxwell current. Curl H is the rotation of the mag-
netic field. We take the divergence of (1) and obtain
div(36/ot+i)=dive=0............ A 1)

divergence ¢ = 0 indicates that for the unit volume considered the outflowing current cg must be
equal to the inflowing current ¢y. Thus, we arrive at the simple equaticn

01=C2........ ...... R (3)
which means, mathematically expressed, the integration of (2).
This result will now be applied to our plate which is exposed to the air-earth current. The di-
electric current F 36 /at and tne conduction current Fi flow through the plate with a cross section

F. Flowing away from the plate are the currents I through resistance R and I¢ through the capacity
C. Consequently we get

F(aG/at+i)=I+IC.... .................. . (4)

We are now interested in the current I through R as a function of the air-earth current i, There-
fore, we have to try to eliminate irom (4) the expressions 96/3t and Io. For the first expression
this can be done by means of the well-known equations

6 = €E and 1S T S NI )

In this equation € means the dielectric constant, A the conductivity, and E the electric field. Through
differentiation with respect to time t, we get the expression
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30/3t = (€/N)Bi/Bt v v vt ittt i (6)

which gives the desired relation between the dielectric and the conduction current. To eliminate I
we use the fact that the resistance R and the capacity C are affected by the same potential drop,
indicated by the letter U, R, C, and U are interrelated through the simple equations U = IR and

U =Q/C. Q is the charge of the capacity C. The variation of Q with respect to time, dQ/dt, is the
current I~ and we obtain a relation between the current I» through the capacity C, and the current I
through the resistance R.

i

1

Ic=dQ/dt=C aU/dt =CRAI/At «ovvvvvvvreennnnn )

By means of (4), (6), and (7) we obtain the differential equation

w»l‘ﬂ d

3 CRdI/dt I=[(e/N)3ifdt+1{]F ..... e e (8)
The expression T = CR is the time constant of our input circuit. The expression 6 = € /A is the well-
e known time constant of air. Eq. (8) can be solved without difficulties and we obtain

1=F[aet/T + (9/T) 1+ (1/T) (1 - 8/T) e't/'r‘/'ot iet,/rdt'] B

: At first sight, (9) appears to be rather complicated; we have to corsider, however, that this

equation is of general validity, since any function can be introduced for the air-earth current i.
Even without specifying the function for i, important conclusions can be drawn from this equation.
The first term of the right side with the integration constant A determines the transient response.
It will decay with increasing time and therefore it does not have to be discussed any further. The
equation, thus, assumes the simplified form

I=F[(6/T)i+(1/T) (1 -8/T) e'tﬂ"/;‘ ietl/rdt'] e .. (10)

The last term of the right side of (10) will be zero for the case 8 = T; that is, it will be zero if
the time constant of the input circuit is equal to the time constant of the air. Then we obtain from
(10)

e S e eee e (1)

In this state the entire air-earth current picked up by the plate will go through the measuring re-
sistance, whereas, all of the influence currents are deviated to ground through shunted capacity C.
For example, we have to shunt the high ohm resistance of 1011 ohm to a parallel coupling of a
capacity of about 9000 uuF in the case where the time constant of the air is about 15 minutes or
900 seconds. This shunting capacity is not, as heretofore, to be interpreted as damping capacity
which more or less neutralizes the influence charges, but it has to be interpreted as balancing
capacity by which we match the input of the measuring instrument to the atmyospheric electrical
circuit. This capacity is necessary to the correct balance by which we obtaln nc only an approxi-
mate but an exact registration of the air-earth current for all frequencies from zero to infinity.
Variation from the fastest changes of the air-earth current, such as occurring during lightning dis-
charges, down to the slowest diurnal variations is not only theoretically possible but has been prac-
tically carried out at the Meteorological Observatory at Aachen for quite some time.

If we choose to make the input capacity C smaller than is necessary for balancing, so a nart of
the influence current flows through the high resistance the circuit registers the well-known violent
disturbances. If we choose to make the input capacity C larger than is necessary for balancing, a
part of the air-earth current will be needed to charge the capacity. In this case the capacity C acts
as a damping condenser and smooths out the fluctuations of the air-earth current. Both cases are
of practical importance.
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The first case, where the input capacity is too small, mismatching is suitable for recording
the short-period current variations. This is zgain a measure for the exchange in the atmosphere
which is normally difficult to record by other measuring devices.

The second case, where the input capacity is too Jarge, .aismatching is suitable for recording
long-period current variations. For instance, in the investigation of the correlation between single
weather periods and air-earth currents these long period current variations often occur.

We utilize (10) for investigation of mismatching by different frequencies of air-earth currents.
The integral in (10) can be easily solved if we introduce the air-earth currents as sinusoidal alter-
nating current.

i=igel®t | ..., e N ¢ 1))

j = root of minus one, signifies the imaginary unit, and w signifies the angular frequency. Substitut-
ing (12) in (10) we obtain the following expression

L=[(1+308)/(1 +J0T)iF et e eennrenenneannss..(13)

If w8 and wT are small in comparison with unity, that is, the duration of the current variation is
great in comparison with 8 and T, we can neglect the terms jw8 and jwT compared to unity. We ob-
tain again the single equation I =1 F. If, however, the duration period of variation is small then we
obtain approximately I = (8/T') i F.

If the ratio 8/T is larger or smaller than unity, then the measured current I will be larger or
smaller than the air-earth current.

In closing I would like to show that (13) can, in a simple manner, be derived from the circuit
diagram with the help of Chm’s law. Hereby, the main point is that we are able to interpret the di-
electric constant € as the capacity of the unit volume, We can do this with the same correctness
as we interpret the conductivity A as specific conductivity of the unit volume of air. We can show
that best by a comparison of the definition equation. The conductance L of a square with the cross
section F and the height h is given by the expression L = AF/h, if A is the specific conductivity.
The capacity C of the same square is given by the well-known equation C = €F/h.

From these equations we obtain the specific conductivity as A = L h/F and the specific capacity
as € = C h/F. The analogy of both formulas speaks for itself. € has the dimension of a specific
capacity, namely farad/m. This is an analog to the dimension of the specific conductivity mho/m.
Sirce € fulfills in addition all calculation rules which are derived for calculating capacities in elec-
trical circuits, we can therefore interpret € as capacity in our circuit diagram. Besides the presently
used symbols we introduce for the current through the capacity € the symbol i.. The current i¢
is identical to tiie Maxwell dielectric current or influence current density. In the manner we derived
(4) we can now in a similar manner derive from the circuit diagram the following equation (Kirchhoffs
law)

+ig) F=l+Jo. i eiininieennonoosssn.(14)
Now we have to eliminate from (14) the expression i¢ and Ic. Since the potential drop across
r and € must be equal, we obtain on the basis of the Ohm law ir = (1/jwe) {.. In the same manner
we obtain for the input circuit IR = (1/jwC) L. And from this get
i¢ = ijwre and Ic=TjwRC.......... ceeeevean (15)
Taking into consideration that re = ¢/A = 6 and RC =T, so we derive from (14) and (15)

iF (1 + jw8) =1 (1 + jwT)




= or also

I=(1+jwB)/(1+J0T)iF.. ..o neenneenas(13)
We thus obtain the same result as we have derived above by the integration of Maxwell’s equation,

) This method of matching the input of our measuring instruments with the atmospheric-electric

- circuit by means of shunting an accurate capacity is simple to apply from a technical viewpoint. As

3 mentione i before, this methed has proven its value by the registration of air-earth current at the
Meteorological Observatory in Aachex. This method has worked excellently in registering the air-
earth current during lightning discharges, thunder clouds and fair weather. I hope that this method
will help other atmospheric electricity research stations to overcome the difficuliics encountered
in registering the air-earth current.
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A PROGRAM OF SIMULTANEOUS MEASUREMENT OF AIR-EARTH CURRENT DENSITY
R. E. Holzer

Institute of Geophysics

University of California, Los Angeles, California -

Abstracr--A program of simultaneous measurement of air-earth current density at
remote stations with the purpose of distinguishing local and world-wide atmospheric elec-
trical effects is described. Mountain stations are found to be superior to low-level land
stations because local meteorological disturbances are smaller and more consistent. An
investigation of the characteristics of Palomar Mountain has been made through simul-
taneous surface and free-air measurements. Two principal systematic local effects have
been observed at Palomar. An exchange layer which develops in mid-morning and dis-
appears near sundown lowers the air-earth current through an increase of atmospheric
resistance over the mountain. It is found that the variation of the air-earth current to
the mountain during the night hours is similar to corresponding variation in the air-earth
current over the oceans. However, when correction for the variable resistance of the ex-
change latger during the daylight hours is made, the ratio of the air-earth current at Pal-
omar to the air-earth current over the oceans is higher than at night. Possible causes
of the rise of the air-earth conduction current during the day are suggested.

During periods of fair weather the air-earth current density is controlled in part by the poten-
tial difference between the Earth and high atmosphere and in part by local meteorological conditions.
At land stations, the world-wide and local controls frequently produce variations of comparzble
magnitude thus making air-earth current records difficult to interpret. Even over the sea, local
disturbances exist but the fact that these disturbances are random in time makes possible the use
of averaging techniques to accentuate the world-wide effect and to mihimize local disturbance. At
present our knowledge of the character of the world-wide control pattern rests largely upon the
mean diurnal variation of the potential gradient at sea for each of the four seasons.

It would clearly be desirable to have a better measure of the diurnal pattern of the potential
difference V between the Earth and high atmosphere for shorter intervals of time so that one could
assess its value as index in global problems of meteorology. A better measure of the world-wide
control would also find use in simplifying the analysis of the relation between certain local mete-
orological conditions and atmospheric electrical measurements.

In 1850 we undertook a systematic search for better observing stations where the character-
istic magnitude of local disturbance was small and possibly calculabie. It was expected that if
such stations could be found, simultaneous measurement at two or three such stations would pro-
vide a satisfactory measure of the mean diurnal variation of V for periods of a few days rather
than for a season.

In the course of the project, measurements have been made at some forty land stations in
California and on islands in the Pacific Ocean. Extended measurements have been made at about
15 of these land stations. The observing sites have ranged in elevation from sea level to 4000 m *
and have been located in several climatic regimes. In addition, measurements of about five months
duration have been made over the Pacific Ocean between 170°E and 120° W longitude and between
35°N and 20°S latitude.

SCHILLING [1955] discusses results of one phase of the program and RUTTENBERG [1955] :
describes the sea measurements in the following paper. This paper will be confined to selected
portions of the land measurements.
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The air-earth conduction current density was computed as the product of potential gradient
and conductivity. The potential gradient was measured continuously by both field mills and radio-
active collectors with appropriate electronic circuits and Esterline-Angus recorders. The con-
ductivity was measured continuously with a modified Gerdien-type instrument used in conjunction
with a vibrating reed electrometer and pen recorder. While most of the measurements Lave been
made in this way, instruments for measuring air-earth current directly have been built and used
in the fieid. In principle the instruments are similar to that described by KASEMIR [1951].

The preliminary test of stations usually consisted of measurement of the vertical conduction
current density for four consecutive days of fair weather simultaneously at two stations. Figure 1
is a representative sample of tests at four stations in February, 1952. West Los Angeles and Sage
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Fig. 1--Diurnal variation of air-earth current density at pairs of stations
in Southern California, 1952 (amp/m-2 x 10-12)

are low level stations, the former on the coastal plain and the latter in a semi-arid region away
from the coast. Palomar Mountain is at 1700 m elevation and 50 km from the ocean while the
Santa Catalina station is at 500 m altitude on an island 35 km off shore. At most of the stations
the {rend of the air-earth current density i is very similar during the night. During the daylight
hours i at the low level stations falls significantly relative to the values at either Palomar or Santa
Catalina Island. This is consistent with the vertical development of the exchange layer accompany-
ing surface heating. The Palomar and Santa Catalina diurnal curves show the greatest similarity
in shape and both resemble the dirunal potential gradient curves at sea for the winter season. In
general the stations at the tops of the higher mountains proved most satisfactory, as expected for
several reasons. This result appears to be in agreement with some recent work of ISRAEL [1955]
on mountain stations in Europe.

Figure 2 shows the measurement of i at Palomar Moantain and White Mountain 500 km north of
Palomar. The elevation of the White Mountain station was about 3300 m. The records are for three
weeks in June, 1952 and represent 20 days recording at Palomar and (due to weather and instrumen-
tal difficulties) only five days on White Mountain. The mean curves are strikingly similar in trend,
and indicate that persistent features of the local meteorological control are similar in amplitude
and phase at the two stations.

L ) e sy e oy

Mg g R P 0 00 g, 0L B 0 P ] R TN PP

'
L2
h_z."'




98

16 20 24 4 8 i2 16 PST
= 180 v T T T T T T T T T T T T T T
< = —— PALOMAR (JUNE, JULY) -
g B -~ WHITE MT. (JUNE) ]
e
o]
=
O 100
a1
&=
4 B .
<)
+4 - .
msol¥¥1!;:l1!:;¢;|th;}i::
5 o 4 8 12 16 20 24 GMT

Fig. 2--Diurnal variation of air-earth current density at mountain stations
at same longitude, 1952

In the summer of 1953 two types of test were undertaken: (1) simultaneous ground and airplane
tests in the vicinity of Palomar Mountain, and (2) simultaneous measurements on White Mountain
and Haleakala, a volcanic peak in the Hawaiian Islands. Time permits only the description of the
first of these tests which was a joint project carried out by the Geophysical Research Directorate
of the Air Force Cambridge Research Center and the University of California. The airplane meas-
urements were made by the Geophysical Research Directorate under the direction of Mrs. Rita
Sagalyn and her colleagues. The basic plan of the test consisted in continuous measurement of i
at three stations, two on level areas within 30 km of Palomar and one on top of the mountain. The
airplane equipped to measure conductivity as well as large and small-ion density and meteorolog-
ical parameters circled the stations at constantly increasing or decreasing altitude. The maximum
altitude of the plane usually 3000 to 4000 m was determined by the level at which the conductivity
became the same over each station. It was possible from the plane measurements to compute the
resistance of an atmospheric column over the station to 3000 m. During the three week period of
observation ten flights, each of several hours duration, were made. Because of meteorological
conditions results were satisfactory for only two of the ground stations, Palomar and Lake Henshaw
at 1700 and 800 m, respectively. Figure 3 shows the mean diurnal variation of the resistance of
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Fig. 3--Diurnal oscillation of columnar resistance

the atmospheric columns over Palomar and Lake Henshaw irom the surface to 3000 m. The mini-
mum resistance was found near dawn, while the maximum occurred shortly after noon for Palomar
and about 16 h local time at Lake Henshaw. Lake Henshaw was found to be dn the dense-particle
layer at all times while Palomar was out of the particle layer during the late evening hours and

W

Can L




95

until two or three hours after sunrise. In attempting to compute the potential difference between
Palomar and the high atmosphere, it was assumed that the resistance above 3000 m was the same
as computed by GISH and SHERMAN [1936]. However, before using the computed columnar resist-
ance (not strictly applicable to mountain measurements) it was necessary to make an empirical
correction for the convergence of the current to the mountain top by comparison of the Palomar
and Lake Henshaw measurements. Figure 4 shows the computed mean diurnal variation potential

360

POTENTIAL IN KILOVOLTS
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POTENTIAL GRADIENT
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4 8 12 16 20 24 GMT
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100
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Fig. 4--Comparison of computed value of V for Mt. Palomar, June, 1953,
and measured potential gradient at sea (Carnegie)

of the upper atmosphere over Palomar for June, 1953. On the assumption that the potential gradient E
at sea is proportional to the same potential difference between the Earth and high atmosphere, the
curve of E taken on Cruise VII of the Carnegle for May, June, and July is shown on the same diagram.
Again the agreemeat is very striking. It indicates that the variatioa in the diurnal resistance of the
atmosphere over Palomar represents the princ.pal persistent local effect (about 20 pct of the mean).

To determine whether there were any striking local peculiarities in the site chosen for the test
we placed potential gradient instruments at another point on Palomar Mountain and on Table Moun-
tain about 150 kn to the north. Figure 5 shows the mean diurnal variation of the gradient at three
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Fig. 5--Comparison of potential gradient at three mountain stations, 1853
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stations during the test. The similarity is cbvious and there is reason to believe that air-earth
current records would have been in even better agreement. The observations at Palomar appear
to be characteristic of other mountains in the region.

Another local effect is apparent in the data from Palomar. After the curves in Figure 4 have
remained essentially parallel during the night the curve for Palomar begins to rise more rapidly
than the ocean curve after local sunfise at Palomar (05 h PST). It exceeds the ocean curve by the
maximum amount at local noon. A similar effect, a rise of air-earth conduction current after
sunrise, has been found at nearly all other staticns at which we have made measurements. The
apparent rise of V above the sea curve is presumably due either to the development of an EMF in
the atmosphere, to the fall of the resistance of the column, or to the development of a convection
current in the first few meters above the surface. We have been making some tests to determine
whether the developme® ~ of a convection current near the instrument will cause the conductica
current to exceed the t. " 1] air-earth current. These tests have not been carried out over a sui-
{iciently long period to permit any final conclusions. If these tests fail to produce an explanation
for the observalions in the surface layer of the atmosphere, one will be forced to look high in the
atmosphere possibly to a layer of particles around 80 km which is out of the highly ionized region
of the atmosphere at night but within the D region during the day.

The present series of experiments on mountains will be carried on during the next six months
when it is hoped that a few of the remaining problems will find some solution.

I wish to express my appreciation for the cooperation of G. F. Schilling, S. Ruttenberg, L. G.
Smith, and cthers who were la- 'y responsible for conducting the tests I have described. The
research reported in this pape. + made possible through the support and sponscrship extended
by the Geophysical Research Directorate of the Air Force Cambridge Research Center, Air Re-
search and Development Command, under Contract No. AF19(122)-254.
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ATMOSPHERIC ELECTRICAL MEASUREMENTS IN THE PACIFIC OCEAN

i

S. Ruttenberg and R. E. Holzer

Institute of Geophysics
University of California, .os Angeles, California

Abstract--An atmospheric-electric research program was conducted during Operation
Capricorn, a five month’s geophysical marine expedition to the central Pacific underiaken
by the Scripps Institulion of Oceanography of the University of California. Continuous
records of the poiential gradient and positive conductivity were obtained from a fleld-mill
instrument and a Gerdlen-iype conductivity apraratus, respectively. Mean monthly values
and diurnal curves of both variables are presented. The seasonal mean diurnal curves of
the potential gradient on Operation Capricorn are in striking agreement with the corre-
sponding seasonal mean curve for Cruise VII of the Carnegie indicating no important secu-
lar charge in the diurnal seasonal pattern. Some evidence z!s found for a smaii local diurnal
effect superimposed on the global fluctuation of potential gradient.

Introduction--At the beginning of the program of simultanecus atmospheric electrical measure-
ments described in the previous paper [HOLZER, 1955], it was recognized that new measurements
at sea on the scale of the measurements made on the Carnegie {TORRESON, GISH, PARKINSON,
and WAIT, 1946] would be highly desirable. Two preliminary cruises in the eastern Pacific Ocean
near California provided experience in sea measurements and an opportunity to test the measuring
equipment. Due to unfavorable weather, the first records were of little value in determining the
global diurnal variation of the potential gradient. The first opportunity for extensive sea measure-
ments far from centinents was provided by Operaticn Capricorn, conducted by the Scripps Institution
of Oceanography of the University of California. While the expedition was primarily concerned with
submarine geological measurements, programs in oceanography, tropical meteorology, and atmos-
pheric electricity were included.
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Fig. 1--Track of R/V Horizon during Operaticn Capricorn
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Figure 1 shows the course of the expedition which left San Diego on Sepiember 26, 1952, pro-
ceeded west through the central Pacific to the Marshall Islands and returned to San Diegc on Feb-
ruary 25, 1953. During the main part of the expedition from Kwajelein to San Diego the weather
was generally fair with only two short periods of complete overcast. Occasional periods of un- -
settled weather, Involving local squails of less than two hours duration, represented cnly 2 small
fraction of the total cbserving period. Records from these periods of disturbed weather were elim-
inated in the analysis. No other selection of data on the basis of weather was made. Approximately .
two-thirds of the steaming time from November o February provided good records. The remaining
ocne-third of the toial period failed to provide satisfactory records for one of the following reasons:
ship not steaming during oceanographic operations, ship in port, occasional instrument failures,
and disturbed weather, mentioned above.

o B

Instrumentation--During the preliminary cruises it was found that the fisld-mill type of poten-
tial-gradient instrument was very satisfactory for sea measurements and when properly placed,
not aifected by salt spray. In the field-mill instrument three staticnary plates were ceanected to
ground through a two megohm resistor. The rotation of a grounded shield above the staticoary
plates generated an alternating current. Polarlty of the fleld indication was determined by applying
2 steady bias field over cae of the plates. The signal was amplified, rectified, and recorded on an
Esterline-Angus strip recorder. The conductivity instrument was of the Gerdien type. The current
to the central cylinder was measured by a vibratiag reed electrometer and continucusly recorded
on a seccnd Esterline-Angus strip recorder. Thae conductivity instrument was calibrated by Smith
[1953] and ckecked by him with the conductivity apparatus used at the Carnegie Institution Magnetic
Observatory at Tucsean.

Both the field-miil potential-gradient instrument and the conductivity insirument were mounted
permanently on the R/V Horlzon, one of the two vessels in the expedition. The instrument location
on the fizing bridge, on fop of the wheel house and forward of the main mast and exhaust stacks, was
chosen because measurements were 1o be made while the ship was underway. The location had the
further advantage that it was undisturbed by any of the ship’s normal operations. The field mill
mounied immediately above the conductivity apparatus was ten meters above the sea surface. The
intake of the conductivity tube was exposed to the direct sea wind and received 2 minimum of atmos-
pheric coatamination from the ship.

il A

A

A secend, portable potential-gradient instrument consisied of a radicactive collector, DC elec-
trometer, and recorder. This instrument was checked against the field miil aboard ship and was
found to exhibit proporticnal readings even including small disturDances of a few seconds duration.
During isiand steps the second potential-gradlent instrument was {aken ashore for comparative

measurements when weather permitied.

On the Marshall Islands, the radicactive coliector instrument was set up with a stretched wire
one meter above the beach on the lagoon side of a small islet while the Horlzem was anchored a few
hundred meters off shore. Several hours of records were obtained simultanzsously on the island
and ship board with favorable wind and good weather. These data were used for obtaining 2 reduc-
tion factor for the potential gradient instrument on the ship.

LA L,

Results and discussion--The meathly mean values of the poientiai gradient (with reduction fac-
tor applied), positive conductivity, and air-earth current density for all manths frem October to
February, iaclusive, are presented in Table 1. In each case the monthly mean values are computed
from iiie hourly mean values for undisturbed periods.

The positive coaductivity was measured aimost exclusively because frequent checks for short
intervals indicated the essential equality of the positive and negative conductivity (within less than
ten per cent) regardless of the value of the potential gradient. The probable reason for the coa-
sistency of the approximate equality of the two polar conductivities is that the air sampled was taken
at nine meters above the sea surface, usually with a stiff breeze of 15 to 20 knots blowing. The air-
earth current density was accordingly calculated as the product of potential gradient and twice the
positive conductivity.




Table 1--Monthly mean values of positive conductivity, potential
gradient, and air-earth current density

Date | Positive conductivity | Potential gradient | Air-earth current density
ohm-1m-1 volts/m amp/m?
Oct. 7, 1852 1.58 x 10-14 2.95 x 10-12
Nov. 3-7, 1852 2.08 x 10-14 4.18 x 10-12
Dec. 22, 1952 1.68 x 19714 4.18 x 10-12
Jan. 18, 1953 1.45 x 10°14 2.95 x 10-12
Feb. 18, 1953 1.19 x 10714 2.55 x 10-12

The monthly means of the dlurnal variation of the potential gradient are shown as a function of
Greenwich Civii Time in Figure 2. All of the monthly curves exhibit a single daily oscillation
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Fig. 2--Reduced values of the potential gradient in volts/meter taken aboard
the R/V_Horizon in the central Pacific Ocean, Oct. 1852-Feb. 1953
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approximately in phase although, as may be expected, individual differences are apparent. The

monthly mean values of the potential gradient range from 123.1 to $8.9 volts/m and the mean os-

cillation (ratio of the difference between maximum and minimum values to the mean) range from

30 pct in January to 45 pct in February. The range of variation in the daily records was even larger. .

In order to compare the results of Operation Capricorn with those of the Carnegie, a seasonal
mean curve for the months of November, December, ard January was prepared. ﬁa%a from Cruise
VI of the Carnegie for November, 1828, to January, 1929, were used because more individual days . >
of observation were available for computing the seasonal mean than in any of the previous cruises. é
The two seasonal mean curves are presented in Figure 3. In spite of the difference in absolute 1
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Fig. 3--Potential gradient means from the Pacific, Carnegie, Cruise VII,
1928-1929, and R/V Horizon, Operation Capricorn 1952-1953

magnitude of the potential gradient in the two cases, the shapes of the curves are remarkable simi-
lar. The simlilarity in shape is vest iliusirated when the curve. are plotted as per cent of the mean
value of the potential gradient in each case. The correlation coefficient between the per cent of
mean data for the Carnegle and the Horizon is a surprising 0.97.
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It is of particular interest to note that the observations on the Carnegle in 1928-29 were made
in the eastern Pacific principally between 80° and 120° W longitude while the obsei vations on the
Horizon in 1952-53 were made between 120°W and 170°E longitude. The best agreement between

the per cent of mean curves occurs during the part of the day when both ships were in the dark

about 05 to 12h GCT. Sunrice occurs at an earlier hour at the Carnegie, and the Carnegie curve
first rises above the Horizon curve. In the late afternoon hours for the Carnegie, about 23h GCT
the Horizon curve becomes higher than that of the Carnegie and remains above until about sunset
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atth  orizon. Because there is no systematic fall in the conductivity corresponding to this rela- }‘-
tive . .e of the potential gradient the effect muy be described as an apparent rise of the air-earth g
conduction current density during the local daylight hours. -
The effect is small and based upon average data, hence a statistical analysis to determine its T‘
probable significance is required. The t test of the significance of the difference of the means of =
the two sets of data at any Greenwich hour was applied on the assumption that the standard deviation e
of the theuretical population is adequately represented by the standard deviations of the two hourly -};“—;;
samples. For the three hours that the per cent of mean curves show the largest separation, the é}é
probabilities that these differences were due to sampling errors are 0.16, 0.04, and 0.22, respective- E
ly. These values are larger than the 0.05 commonly used by statisticians as a criterion that the dif- §.5§
ferences of the means are significant. However, the values are sufficiently small that the possibility .g\

of a small persistent local effect at sea cannot be dismissed. A locel effect of the same character
but much larger in magnitude, observed on mountain stations and other land stations was described

L W
e

by HOLZER [1955]. ;
1Y
The seasonal mean curves of the air-earth conduction current density for the Carnegie and the E
Horizon are shown in Figure 4. The curves exhibit similar phase although the oscillation of the ;5;

Carnegie curve is larger. The corselation coefficient for the two sets of data is 0.94. As expect 4,
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Fig. 4--Computed values of air-earth current density in the Pacific Ocean, ﬁ
Carnegie 1928-1929, and Horizon 1952-1983 LI
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L
when the surface corductivity varies only slightly the potential gradient and air-earth current curves :‘
have essentially the sr me chara teristics. The mean value of the alr -earth current density for the &
months of November, December, and January is 3.0 x 10~ 12 amp/m for Cruise VII of {1e Carnegie w
and 3.4 x 10-12 amp/m for the Horizon. The difference may possibly be due to small secular %?i
changes in thunderstor m activity as suggested by HOGG [1955]. However, the present data are not v
conclusive 1n this matter since uncertainties in determining the potential gradient reduction factors

Hy
A

for the Carnegie and Horizcn as weill as in the absolute calibrations of the conductivity instruments
could account for a difference of ¥ 20 pct in the absolute values.
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Since a number of authors have referred to the sea as the most favorable place for atmospheric
electrical measurements, free of persistent local disturbance, it is appropriate to examine some of
the actual records. Figure 5 is a photographic reproduction of the potential gradient and positive
conductivity records obtained in January, 1953, on an ideal doldrums day. The wind velocity with ’
respect to the sea surface was zero; the sea surface, glassy; the sky, almost completely clear; and
the ship was sailing a straight and steady course. The potential gradient executed an oscillation of
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Fig. 5--Photograph of potential gradient (upper) and positive
conductivity (lower), undisturbed day

somewhat more than average amplitude and with a < 1ggestion of a double minimum. The variation
of the positive conductivity of about 15 pct during the day is somewhat larger than anticipated and
certainly much larger than the average daily variation. Further, apparently even under nearly ideal
sea conditions both the potential gradient and the conductivity exhibit almost continuous short term
noise-like fluctuations. The amplitude of the noise in the conductivity record is actually greater
than that for a more nearly normal day as shown in Figure €.

Figure 6 is a photograph of records taken on a more typ:cal day: mostly clear with some scat-
tered small cumulus and occasional moderate vertical development, some showers occasionally
visible in the distance, wind 10 - 14 knots and sea moderate wi‘h occasional white caps. Although
the gradient record still shows quite well the single aiurnal oscillation many small disturbances in
both records, due to normal cruise operations, are evident. At 01h 00m the ship slowed to a few
knots for a dredge and net haul. As long as the ship maintained a forward motion of even only a
few knots speed, the records are not much disturbed but as soon as the ship stopped and lay-to, at
02h 50m, the change in the records is quite obvious. Even though the wind vector was still from
the bew of the ship the conductivity was depressed and quite disturbed while the gradient showed
an increase. At 05h 00m motion was resumed and the records returned to normal. During the -
night the course was changed a few times in connection with another program and the correspond-
ing changes in the records at 07h 45m, 08h 50m, 10h 15m, etc. are evident.

Conclusions--More continuous observations of potential gradient at sea have been obtained on
the Horizon (42 days in the period November, 1952, through January, 1953) and on the Carnegie (34 \
days in the period November, 1928, through January, 1929) than in any other three months periods
n the history of sea measurements. The striking agreement in the mean diurnal curves for these
corresponding seasons 24 years apart indicates that there is no important secular change in the
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Fig. 6--Photograph of potential gradient (upper) and positive conductivity
records, typical fair weather day

mean daily variation of the potential difference between tne Earth and the highly conducting layers
of the upper atmosphere when the means are computed for a season. These results justify the
practice of workers in the field of atmospheric electricity who have compared seasonal mean daily
variation of the atmospheric electrical parameters obtained at land stations with corresponding
variations at sea ohserved many years earlier.

I R

It must be emphasized, however, that there are important variations from one day to the next
and also from month to month, as illustrated in Table 1 and Figure 2. Therefore, it cannot be con-
cluded that the mean daily curves of the potential gradient for periods much shorter than a season
will necessarily show the same constancy from one epoch to another.

e T AT

The seasonal average of the poteatial gradient for the Horizon is lcwer than the seasonal average
of the potential gradien® for the Carnegie, however, the correspondingly higher value of the conduc-
tivity measurements on the Horizon bring the computed average air-earth current density into fair
agreement with that for the Carnegie. Thus, it appears that there are no large secular changes in
the mean values of air-earth current density. The limitation on the accuracy of the absolute measure-
ments of gradient and conductivity precludes the possibility of drawing conclusions concernirg sraall
secular change in air-earth current density. There is no obvious explanation for the relatively large
differences in the separate measurements of potential gradient and conductivity as observed on the
Horizon and Carnegie.

1

S o

X

There is a definite possibility of a persistent local diurnal effect at sea which produces a small
increase in the air-earth conduction current density during the daylight hours. The present data do
not suffice to determine whether such a cycle may be associated with local disturbance produced by
the ship itself or whether it may be of more general character.

Finally, the persistently observed noise-like variations in both the potential gradient and con-

ductivity even under apparently ideal conditions constitutes an interesting problem for further study. 2]

The effects are very probably related to the turbulence and small scale inhomogeneities of the lower i
atmosphere. +

s

Fy

il

no &&“"ﬁ} Q; Y#’? o e e e gl e
R o B r‘-""--f "W.»'.a -’.r.h.v-'-r"’%“' i i I 3




JaTaRuhe o RmuRiue on ok e i L S e B e s A0 3 LG AL R A e e e A T Ak e Wl W s W B WL b e W5 el i o WAL S L 2L T e K B Pt JLld AR U DAl W i

108

Acknowledgments--The research reported in this document has been sponsored in part by the
Geophysics Research Directorate of the Air Force Cambridge Research Center, Air Research and
Development Command, under contract number A¥19(122)-254 and was made possible through the

cooperation of the Scripps Institution of Oceanography of the University of California, La Jolla, Cal- ,
ifornia.

References
HOGQG, A. R., A survey of air-earth current observations, Proc. Conference on Atmospheric Elec- ’

tmcxty, May 1954, Air Force Camb. Res. Center, pp. 86-90, 1955,

HOLZER, R. E.. A program of simultaneous measurement of 7ir-earth current density, Proc. Con-
ference on Atmospheric Electricity, May 1954, Air Force Camb. Res. Center, pp. 96-100,
1955.

SMITH, L. G., On the calibration of conductivity meters, Rev. Sci. Instrum., v. 24, no. 10, p. 998,

ctober, 1953.
TORRESON, ’O W., O. B, GISH, W. C. PARKINSON, and G. R. WAIT, Scientific results of Cruise

VII of the Carnegie 1928-29, Carnegie Inst. Pub. 568, 1946.

'\- “‘p\

T
F\KLn =,
h ‘9“4:-:-5-



I Rl R R Eah N S o S S e, 50 o a0 W A0 A Ve i P, A R N A R R N WA N T R R TR R R TRV U NI RV AN AR A SR

SOME RESULTS OF ATMOS2HERIC ELECTRICITY MEASUREMENTS
ON THE GREENLAND ICECAP

P. Pluvinage

Expeditions Polaires Francaises et Taculte des Sciences de Strasbourg
Strasbourg, France

Abstract--Some measurements of the potentiai-gradient on the Greenland Icecap
are reported. During fair weather, the values are a little higher than over oceans.
With the data alre¢ady published one can compute an air-earth current density which
is nearly the sarane as found by Dauvillier on the east coast, so that the maintenance
of a state of equilibrium with a well-pronounced electrode effect is likely. In the pres-
ence of snow drift the values are very great, generally positive, and are correlative to
the impact of ice particles on the insulated Collector. One experxment shows that the
true charge of the ice particles near the ground is very significantbut negative. There-
fore it is probable that the ice-metal friction constxtutes the main agent of electrifica-
tion of the insulated collector,

The scientific projects of the French Polar Expeditions 1948-51, led by P. E. Victor, included
the study of some electrical properties of the air on the Greenland Icecap. Unlike the meteorolo-
gical and seismic soundings research, this port of the program did not have the benefit of informa-
tion acquired by previous expeditions. Nevertheless it is useful, for the sake of comparison, to re-
call that potential gradient and conductivity have been measvred [DAUVILLIER, 1938] during the
International Polar Year 1932-33 at the Scoresby Sound, on the east coast, and that, during the same
time, very extensive studies of these and others parameters have been made [SHERMAN, 1937] at
Fairbanks in Alaska in conditions similar, in some respects, to those of the coast of Greenland.
Our attention will be directed here towards potential gradient, conductivity, and calculated air-earth
current during summer. We shall quote later the results of Dauvillier and Sherman.

On the Greenland Icecap, the most accurate measurements have heen made by P. Stahl during
the campaign of 1951 with instruments improved from the experience acquired during the previous
years. Concerning the conductivity, the results have already been pubhshed [PLUVINAGE and
STAHL, 1953]. I recall that at the ‘Station Centrale’ (40° 38’ W, 70° 55/ N, 2994 m) very great values
have been found for the ratio A;,’A. and that they have been tentatwely exp‘amed by the electrode
effect. In 1951, Stahl noted that the ground was perfectly flat, mirror-like over great areas. The
density of the surface snow is 0.33 according to measurements {SORGE 1939] during Wegener’s
Expedition of 1930-31, A lower limit of its electric conductivity is given by 0.33 times the value
for pure ice, that is 0.86 x 10-10 ohm™! ¢m™1 so we may consider it as a conductor from an elec-
trostatic pomt of view. With respect to the movements of the air, one ma; say that the circumstan-
ces are not at all appropriate to the formation of eddies. The possibility of a well pronounced stra-
tification of the air is clearly shown by the diagrams of temperature drawn from measurements by
G. Taylor (Fig. 1). The hypothesis of an effective electrode-effect is at least probable.

The measurements of potential gradient were performed with a device [LUTZ, 1937] which gives
the absolute value directly. The Figure 2 1s sufficiently explicit and no explanation is required. In
fact the recording electrometer was the one used by LECOLAZET [1949] for his studies in a glider.
It gives continuous registrations during nearly five hours and the speed of the film is rather high,

4 mm per minute. This speed was well adapted to the study of the effects of the snow drift. We shall
first examine the fa.r weather values. Nine {ilms have been selected for the Station Centrale. The
potentiul gradient has been reacg every minute and the mean value calculated hour by hour. The main
: features ar: most often a great regularity and a very well defined hourly variation. The regularity

’ is nearly the same as obtained by Lecolazet in his free air measurements in France. The perfect
uniformity of conditions m both cases accounts for that. Table 1 summarizes the results and allows
the comparison with Dauvillier’s and Sherman’s values.
109
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Fig. 1--Examples of stratification in the air above the surface of the Icecap
(measured by G, Taylor)
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Fig. 2--Elevation of the installation

The general mean value of 138 V/m is somewhat greater than over oceans, and decisively
greater than those measured by Dauvillier or Sherman. On the other hand, it has nothing in
common with the free-air value at 3000 m above sea level, even if one takes into account the
electrode effect. As for the comparison with the Dauvillier value, one may observe that the
ratio of the potential gradients is roughly the inverse of the ratio of the total conductivities.
Therefore, the calculated air-earth current is nearly the same at the Scoresby Sound and at
the Station Centrale, where we found nine values ranging from 2.10 to 4.51 x 10-1 12 amp/m2
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Table 1--Comparison of results

Item Scorebys Station Fairbanks
Sound Centrale (selected days)
Mean potential gradient (v/m) 80 138 85.5
A4 (1074 escgs units)
mean 1.79 1.72 1.60
minimum 0.45 1.38 s
maximum 2.94 2.89 e
x- (104 escgs units)
mean 1.53 0.61 1.30 ]
minimum 0.49 0.14 R i
maximum 3.08 1,55 v
i (10712 amp. m™2)
mean 2.93 3.12 2.48
minimum 0 2.10 <o
maximum 7.10 4.51 s

aFog excluded

with a mean of 3.12 x 10-12 amp/m2, It is not very different from the value deduced from the
measurements by Sherman, so we can assume an approximate constancy of the air-earth current
y density over large areas in the Arctic. We may construct a coherent picture by assuming that a
3 state of equilibrium is attzined with a downwards current not depending on the height.

The smoothness of the registrations is destroyed when wind stirs up the ice particles from the
surface of the Icecap. A layer of snow drift is then moving at the speed of the wind. Its thickness
may range from a few centimeters up to ten meters and more. When the potential gradient appara-
tus is inside the layer, the potential reache¢ by the insulated coinductor is so high that, even with
only * 1.5 volt on the plates, the thread of the electrometer touches a plate, generally the negative
one. This causes it to drop to zero, whereupon the charging commences again. This effect is, of
course, correlated with the incoming of ice particles on the insulated concuctor, The question that
arises is whether it can be explained by the friction of ice on the collector or by a charge carried
by the particles. Here we summarize some facts which may prove useful on solving this problem,

(1) Above a sufficiently thin layer of snow drift, it seems that the insulated conductor is not

3 touched by the ice particles, and yet the mean value of the potential gradient is several times the
fair-weather value. This fact is not explainable by a charge on the visible snow drift which would
give no change in the mean field in presence of the Earth as a plane conductor. We shall assume in
such cases that there are small unnoticed ice particles which accompany the lower and visible layer
and come into contact with the insulated conductor. But that does not mean that a charge is not also
present on the lower and main layer.

(2) Knowing the effective resistance, about 8.0 x 1010 chms, of the radioactive collector, the
surface exposed to the snow drift, about 200 cm2, and the speed of the wind, say 10 m/sec, one may
compute the charge produced by or bound to the ice particles in a cm3, Ina specially interesting
observation at Nunatak Cecilla, near the east end of the Icecap, Stahl found a difference of nearly
400 V,'m between the disturbed and fair-weather mean values above an irregular layer of snow drift
whose maximum thickness was nearly 50 cm, We deduce that the charge produced by or attached
to the conjectured invisible ice particles is as high as 1.5 x 109 elementary charges/cm3,

w

(3) This same day, Stahl had the idea of placing the external part of the potential-gradient ap-
paratus behind his cledge cat:, at the same distance of 12 m (Fig. 3). The insulated conductor was
then sheltered from the snowdrift. Immediately the mean reading of the electrometer dropped to
35 V/m. The mean fair-weather value is somewhat less than at the Station Centrale, say 100 V/m,
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Fig. 3--Plan of the two pusitions of the collector with respect to the
sledge cabin and diagram of the distribution of charges (p >0)

We conclude that the charge outside the wake of the sledge cabin wds negative and that, accompa-
nied by its positive electric image, it compensated two-thirds of the normal charge of the earth.
A rough calculation is possible by assuming that the visible layer of snow drift carries the main
portion of the charge and that the wake of the sledge-cabin is a channel of rectangular cross-sec-
tion, four meters wide and 0.5 m thick. The outer of magnitude of the charge density @ is then
105 negative charges per cm3.

o (4) Therefore, the friction of the unnoticed ice particles against the insulated conductor, seems
& the only possible explanation of the high positive charge potential observed with the electrometer.
But the weakness of this theory is that it is founded on only one experiment. I must alsy mention
that one hour after the movement from the first to the second position, an inverse movement was
“’3 performed but unfortunately the speed of the wind had decreased, the electric field had increased
and no difference was found between the two positions.
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THE PHOTO-ELECTRIC COUNTER AND ITS APPLICATION FOR
MEASURING DIFFUSION COEFFICIENTS

P. J. Nolan
University College, Dublin, Ireland

Abstract--In the photo-electric nucleus counter, a cloud is formed between a source
of light and a photo-electric cell and the concentration of nuclei is estimated from the ex-
tinction of the light. Alr containing the nuclei under investigation is drawn through a ver-
tical tube 60 cm long and 4 cm in diameter for a sufficiently long time to insure that the
air originally present is swept out. The enirance and exit taps are closed and pure air {s
pumped in through a third tap until a suitable over-pressure is reached. A short time is
allowed to elapse so that the air, taking up water from the lining of damp blotting paper,
is saturated. The current from the photo-voltaic cell is read by means of a galvanometer.
A fourth tap on the tube is opened allowing the air to expand adiabatically. A cloud forms
and the galvanometer reading drops quickly to a new value. An intrinsic calibration of
the instrument has been carried out by means of a device which enabled the extinctions
for any nuclear concentration and for exactly half that concentration to be determined ac-
curately. The absolute values of the nucleus concentration are based on simultanecus
determinations with an Aitken counter. The absolute accuracy is of the same order as
that of the Aitken counter. The relative accuracy is higher. The development of the photo-
electr.c method of counti__g has made it possible to employ with much precision a method
already in use by which the size of condensation nuclei can be determined. If a stream of
air containing particles of any kind is drawn slowly through a tube particles will be lost by
diffusion and fall under gravity. In order that the loss by diffusion should be large enough
for accurate measurement it was found best to draw the air between parallel surfaces a
small distance a})art. When the surfaces are vertical the loss by gravity is negligible. By
builé'ng a pile of plates a number of air streams in parallel are arranged. In this waya
sufficiently slow air velocity may be obtained with a conveniently large total air flow. The
ratio of the concentrations of nuclei entering and leaving is determined for a measured air
flow. From these measurements and the dimensions of the diffusion box the diffusion co-
efficient of the nuclei can be obtained. Thne radii of the nuclei may be deduced from the
diffusion coefficient by means of the Millikan form of the Stokes-Cunningham Law.

The Aitken nucleus counter, in its original form and in the various modificatioas, suffers from
a number of serious disadvantages. It is difficult to use and to keep in good working order. It deals
with a very small sample of air. Successive readings of samples from the same source usually
show a wide scatter. The photo-electric counter is easier to use and gives more consistent and
more reproducible results.

The photo-eiectric counter consists of a metal tube 60 cm in length and four cm in diameter.
The tube has a lining of damp blotting paper and the axis is held in a vertical position. At the top of
the tube there Is a lamp house with a small electric lamp at the focus of a convex lens. A parallel
beam of light passes through the tube and falls on a photo-voltaic cell at the bottom. The sample of
air under test is introduced into the wbe. Air which has been purified by passage through a cotton-
wool filter, is pumped into the counter until a selected over-pressure, usually 16 cm Hg, is reached.
After about half a minute the pressure is released. The sudden expansion cools the moist air, a fog
is formed and the minimum reading of a critically damped galvanometer, connected to the photo-cell,
is taken. The half-minute delay is to allow the air to become saturated and to lose heat of compres-
sion. During this waiting pericd the galvanometer reading is adjusted to 100 by varying the curren.
through the lamp.

The glass plates closing the ends of the tube are treated with an anti-mist preparation. Imme-
diately above the photo-cell a diaphragm of 2.2 ¢m aperture is introduced sc that the extinctiun
measurements are made on the central core of the fog.
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The light intensities at the photo-cell before and after the formation of the fog are denoted I
and I, As the intensities are low the response of the photo-~cell in linear. Thus the galvanometer
readings before and after expansion are proportional to I, and I. We can calculate the extinction
expressed as a percentage c

E=1000,-1)/Tp........ e R ¢

The behavior of the counter when filled with nucleus-{ree air has been investigated by P. J.
Nolan and P. S. MacCormaic. They determined the critical over-pressures for condensation on
negative and positive small ions and for the formation of a generwl cloud. The critical values foun
were 27, 33, and 40 cm Hg. The corresponding voluine expansions deduced from the equation pvl' =
constant are 1.24, 1.29, and 1.35. The corresponding values found by C. T. R. Wilson are 1.25, 1.31,
and 1.375. The good agreement of these three critical expansion ratios indicates that the expansion
of the counter is truly adiabatic. The critical over-pressure for cloud formation with atmospheric
nuclef was found to be between 0.1 and 0.5 cm Hg corresponding to a volume expansion between 0.1
and 0.5 pct.

Calibration--For calibration of the counter a device called a tube bridge, a pneumatic analogue
of the Wheatstone bridge, was used. The air current enters at point A and leaves at point C of the
bridge ABCD. A sensitive manometer is ccnnected between B and D. Arms BC and DC are long
narrow tubes of the same resistance. Arm AD contains a low resistance cotton-wool filter and arm
AB contains a rubber tube with a pinch-cock. The bridge is balanced by varying the resistance of
arm AB by means of the pinch-cock. Varlations in the resistance of the filter with temperature,
humidity, or pressure difference may be detected on the manometer. When the bridge is balanced
the current of pure air through DC is equal to the current of impure air through BC. The nuclear
concentration of the air emerging is exactly one-half the nuclear conceniration at entrance.

Nuclei of various origins decaying in a gasometer were used in the calibration experiments.
The counter was filled from the gasometer through the tube bridge and an observation of the extinc-
tion made. The counter was next filled directly from the gasometer. (To ensure against error aue
to diffusion loss a second tube bridge without filter was inserted between the gasometer and the

(!

] counter.) During the decay of the nuclei alternate readings of half and full concentration were made

! in this way. The values of the extinctions were plotted against the time and curves for full and half
o concentration were obtained. It is possible to read from the curves the corresponding extincticas

xi:,::: at any time during the decay process. Thus a series of pairs of extinctions values may be obtained,

each pair corresponding to a certain (so far unknown} concentration of nuciei and to half that con-
centration. The values ot the extinction differences {(E - e = A) are plotted against E. The shape of
the A-E curve is of great interest. From E =5 to E = 25 the graph is nearly a straight line and
there is another straight line between E = 25 and E = 50. There are three peaks at E - 56, 72, and
80. From the A-E curve an intrinsic calibration curve was plotted. The peaks should give inflexion
points on the calibration curve. The peak at 56 is small and the corresponding inflexion is not per-
ceptible. The inflexion corresponding to peak 72 is a well marked feature of the calibration curve.
The flat portion at the end of the calibration curve corresponds to the peak at 90.

To complete the calibration the nuclear concentrations corresponding to a number of extinctioas
values were determined by means of an Aitken pocket counter. The agreement was as gcod as could
be expected in view of the lack of precision of the latter instrument.

Determination of diffusion ccefficients--The development of the photo-electric method of counting
has made it possibie to emplcy with much precision the Nolan-Guerrini method of determining dif-
fusion coefiicients. If a stream of air containing particles of any kind is diawn slowly through a tube,
particles will be lost by diffusion and fall under gravity. In order that the loss by diffusion should be
large enough for accurate measuremeant the air is drawn between parallel plates a small distance
apart. This has the advantage that when the plates are vertical the loss by gravity is negligible. By N
building a pile of plates a number of air streams in paralle! are arranged. In this way a sufficiently
slow air velocity may be obtained with a conveniently large total air flow.
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The formula obtained by P. G. Gormley for diffusion in such a thin rectangular tube is

n/ng = 0.9099e-2-8275h , ¢ g531¢-32.145h R 3]
where ng is the particle concentration at the entrance, n is the concentritic te exit,and h =
4bD §/3aQ. D is the diffusion coefficient; Q is the volume of gas passiuz per .ccond, za = depth,
b = breadth, and £ = length; a is small compared with b.

In practical application the formula is written
Zv/Z = 0.91e™* + 0.053e7114x L ..., 3)

where x = 3.77 b£D/aQ and the symbol Z is used for nucleus concentration.

A curve is drawn showing the variation of Zv/Z with x (Fig. 1). The ratio of the concentrations
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Fig. 1--Variation of Zv/Z with x

entering and leaving is determined for a measured air flow. The value of x corresponding to this
ratio is obtained from the graph and thus D is determined.

Numerical example--Length = 60.9 cm, breadth = 9.2 cm, depth = 0.105 cm, number of channels =
11, Q = 1200 cm93 /min.

Zv/2 = 0.5 x = 0.60
D = 23 % 1078 cm®sec™!
The radii of the nuclei may be deduced from the diffusion coefficient by means of the Millikan form

of the Stokes-Cunningham Law. In Table 1 values of D s0 calculated are given for a range of values
of the radius.
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Table 1--Coagulation coeificients
106 | 10 | 109w 109y | 1% | zaN, 1oz
2cac-1 2coe-lynti-1 3sea-1 3con-1 single <
cm cmésec cmésec™ *volt cmesec cmvsec cha?ge
0.5 598 20.3 6.4 0.14 1.06 1.06
1.0 131 5.24 3.3 0.46 1.21 1.21
2.0 34.8 1.39 1.75 1.25 1.59 1.59
3.0 16.5 0.66 1.24 2.1 1.91 1.91 i
5.0 6.67 0.267 0.84 4.1 2.44 2.31
7.0 2.80 0.152 0.67 6.4 2.85 2.51
10.0 2.17 0.087 0.55 10.4 3.37 2.66
14.0 1.33 0.053 0.47 15.6 4.04 2.76

Coagulation--When nuclei are stored in a iarge vessel they disappear by coagulation, by dif-
fusion to the walls and by fall under gravity. In favorable conditions it is possible to allow for the
last two sources of loss and to study coagulation separat.ly. The loss by coagulation is found to
obey the law

AZ/dt = -YZZ e (@)

where -y is called the coagulation coefficient. For spherical particles all of the same size Smolu-
chowski obiains the result <y = 87rD.

By ineans of the photo-electric counter and the diffusion box Nolan and Kennan :made determin-
aticns of «y and D over a wide range of size using nuclei derived {rom hot platinuz. According io
Smoluchowski’s theury the vaiue of v/rD should be about 25. They obtained an average value of 35.
The agreement is as close a. could be expected especially as the nuclei were undoubtedly hetero-
Zenevus. The 87 of the formula must be increased by a factor of from 1.1 to 1.3 io aliow for hetero-
geneity.

In Table 1 the values of the coagulation ceefficient are calculated from the formula 7y = 87rD.
The mobilities given in the table are for nuclei with one electronic charge and are calculated from
the formuila

w/D=¢e/ET ....... e S 3

€ baing the electronic charge, k Boltzmann®s constant, and T the absoluie temperature
D> =T &
This gives w = 40D when the mobility is expressed in cm, sec volt/cm and the temperature is
17°C.

Relation between the size of the nuclei and the fraction charged- -Sim.itaneous determinations
of the diifasion ccelficient and of (he ratio Z/Ng. tolal nuclei to unchared nuclei, were carried out
with stored nuclei derived from platinean. The concentration of uncharged nuclei was dete-mined
by passing the air through a condenser to which a fielé i~ applied sufficient to remove all charged
nuclei. A measurement with the electrodes of the condenser at the same potentiai gives Z. If

equilibrium of ionizaticn has been attained in the vessel 4
TN = AN oo - (&)
where 7, is the recmbination coefficient of small iens and uacharged nuclei and 77 is the coefiicient
for small fons and large ions of opposite sign 1
ZMNo=MNo+ W)MNg=1:2N8MNo=1:296/0 ... o... Y ¢
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% >Nt - that Z/N, < 3.

If the nuclei are so large that the effect of their electric (ha. ze on the collision frequency with
small jons is negligible then 7 = 7 and Z /N, = 3, i{s maximum < alue.

The equilibrium values found experimentally are given in Table 1 (second last column) and
plotted in Figure 2 (dotted line). It may be seen that for large nuclei the values are greater than 3.
This is clearly due to the occurrence of multiple charges.

L iS5

N

RADIuUs

T = 12 14 =« 10 %em

7

]
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Fig. 2--Relationship of size of nucleus to Z/N,

By combining two thecretical relations we may deduce values of 7,/7 for various radii to com-
pare with those obiained from the experimental values of Z/N,

Whipple’s eguation

n-v;a=4ﬂ'ew.................(8)

1

o
o

Ha-ser’s equation Ma=Hr(l-eCT) ... il 9)

s
B
=
x

(small radius ﬁoo:rg, large radius 'noar)

By trial values of the parameters H and ¢ were found which gave the best {it with the experi-
mental vilues of Z/N, for the smalier radii that is for the single-charge region. T.e agreement
with experiment holds up to a radius of 4 X 10-9 em. The last column of Table 1 gives the theoret-
ical Whipple Harper Z /N, so found and it is marked ‘single charge.’ These numbers are plotted

1
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in Figure 2, curve H.

In Table 1 the third last column gives values of the quantity b of the equation q = an? + bnZ.
The values are calculated by an extension of the previous theory on the assumption that the multiply-
charged nuclei are all doubly charged.

The application of considerations of thermodynamic equilibrium to the system of small ions
and nuclei produces results which agree closely with experiment. So although the justification of
this application seems doubtful it is of interest to quote the results.

From the Boltzmann Distribution Law we deduce
2.2
Ny/N, = Ng/N, = e P €*/2KT | e (20)

where ¢ is the electronic charge, p is the number of unit charges and p2€2/2r is the electric energy
of the nucleus considered as a sphere of radius r, N, the concentration of positively charged nuclei,
and N the concentration of negatively charged nuclei.

The results of the application of this formula are shown in Table 2 in the ¢ ‘umns marked
Boltzmann, one giving values of Z /N, in which only single charges are included. Another column
gives values deduced from the Whipple-Harper formula with parameters adjusted to obtain agree-
ment with the Boltzmann figures. It may be seen that the agreement is good except for the smaller
radii.

Table 2--Values of Z/Ng

Multiple charges Single charge

6 . :
10°r Bricard (Noﬁnm::é?{ir&m) Boltzmann { Boltzmann | Whipple-Harper | Bricard
cm

0.5 v e 1.06 1.006 1.006 1.045 o
1.0 1.49 1.21 1.11 1.11 1.16 1.49
2.0 1.88 1.59 1.48 1.47 1.46 1.81
3.0 2.13 1.91 1.81 1.77 1.74 2.00
5.0 2.66 2.44 2.34 2.12 2.12 2.30
7.0 3.03 2.85 2,16 2.33 2.34 2.46
10.0 3.50 3.37 3.30 2.50 2.52 2.55
14.0 3.92 4.04 3.91 2.63 2.64 2.63

When multiple charges are included we obtain very good agreement with the experxmental re-
sults. It may be noted that nuclei wnth p = 2 appear at radius 2 x 10‘6, p=3atr=4Xx 10-6 ,p=4
at r =7x10-6and p = 5 at 12 x 1076, We have added Bricard’s theoreticai figures for multiple
charges and for single charge.

Atmospheric nuclei--In making observations on the nuclei in the free atmosphere difficulties
arise because of rapid fluctuations in the quantities measured. These difficulties may be overcome
by using two photo-electric counters through which equal air-streams are drawn in parallel. The
diffusion coefficient may Le found by placing the diifusion apparatus in one branch. Simultaneous
values of Z and of Zy are thus obtained. Similarly by using two condensers in parallel, one with
field and the other without, simultaneous values of Z and N, may be obtained.

The values found for the radii of the nuclel vary between 1 x 10-8 and 6 x 19~ 6 cm but the bulk
of them lie between 2 x 10-8 cm and 3.5 x 10-6 cm. A high degree of correlation has been found
between the size of the nuclei and the humidity of the atmosphere.

Absence of equilibrium--Simultaneous measurements of Z /Ng and of the radius show that in
genera! the condition 1s not one of equilibrium. There is a wide scatter in the values of Z /Ny for
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any one size. The equilibrium values given in Table 1 and shown in Figure 2 appear only as the
higher limit, the bulk of the values of Z /N, being much lower. This suggests that the nuclei are
mainly uncharged at the moment of production. Be.ween production and measurement there is not
sufficient time for them to come into equilibriam with the small ions. If all the naclei are originally
uncharged in a region where there is a constant concentration n of small ions the hilf-value period
for equilibrium is approximately 0.7/(2m, + 7 )n. In Dublin this is of the order 10 to 15 minutes.

From the foregoing we see that ionizativn balance equations cannot apply strictly to any region
where there exists a large fraction of fresh uncharged nuclei. It 15 possible to explain in this way
the low values for q obtained for Kew (Scrase) and Washington (Wait) from measurements of N, N,
and the positive and negative conductivities. Errors arising from the application of equilibrium
formulas of the type q = an2 + bnZ in which Z and not N are used, are much smaller, Since b =
No + (M - 2mu)N/Z, b is independent of N if 9 = 27,. For values of the radius greater than 2 X 10-9
¢m the change in b produced by a considerable departure from equilibrium will not be very serious.
The Schweidler law may therefore be expected to hold approximately for large nuclei whether there
is equilibrium or not.

When atmospheric nuclei are stored and observatiois of Z/Ng and the radius are made during
a few hours after enclosure it is found that Z /N and the radius increase. Initially Z /N, increases
rapidly while the radius increases very slowly. The value of Z/No reackes the equilibrium value
pertaining to its size in about one hour. Afterwards the variation with radius corresponds approxi-
mately with the equilibrium curve of Figure 2.

Approach to the equilibrium charge distribution from the opposite direction is showr by the
nuclei produced by bubbling air through water. Immediately after production the average charge
per ion is 23 electronic charges and Z /N varies, with bubbling pressure, from 20 to 9. When these
nuc.ei are stored Z/Ng is found to decrease rapidly without any significant increase in radius until
the equilibrium value is approximately reached. Then the variation of Z /Ny with radius corresponds
roughly with the equilibrium curve.

It is interesting to note that in both cases the value of Z /N, slightly over-shoots the equilibrium
value.
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EFFECTS OF WIND AND SPACE CHARGE ON CORONA POINT DISCHARGE,

PARTICULARLY FROM AIRCRA FT2 ¥
Seville Chapman
Cornell Aeronautical Laboratory, Inc,
Buffalo 21, New York s

Abstract--In a system for mainiaining zero electrostatic charge on aircraft, where
electric-field meters on the surfaces of the wings control a high-voltage corona discharge
point behind the tail of the aircraft, the primary factors influencing the magnitude of blow-
away discharge curreat i are point potential V, aircraft speed v, point geometry, and
space charge from the already discharged current. V must be large enough to create an
electric field vector toward the rear to drive the discharge current into the space charge
behind the point, but since this same V creates a field vector forward toward the aircraft
skin, the point must be disposed so that the wind past the point prevents return current to
the aircraft. The problem is approached mat.gematically from several points of view, to
evaluate constants F, G, and H in i = €¢ (FkV4/8 + GvV + Hfv2/k), where k is the mobil-
ity and £ a length. The ‘current should vary with the first powers of the speed and point
potential, and be independent of mobility, and hence of pclarity and altitude. For an zir-
craft speed of 100 m/sec and a point potential of 100 kilovolts, the author considers that
current should lie in the range 200-250 microamperes although calculations based cn dif-
ferent approximations vary from 175-395 microamperes. Experiments in the laboratory
with wind simulated by an electric field yield 225 microamperes. Meager and doubtful
in-flight data imply current of about 200 microamperes.

Introduction--Reasons for maintaining zero electrostatic charge on aircraft include alleviating
effects of precipitation static [GUNN and Others, 1946], avoiding explosions during refueling upera-
tions in flight, or avoiding distortions of electrostatic conditions while in-flight measurementis are
being made of such quantities as the electrical conductivity of the air. For exampls, when aircraft
fly through precipitation, they frequently become charged electrostatically at a rate of 100 micro-~
amperes or more, Since the capacitance of an aircraft such as a B-29 is approxunately 1000 pica-
farad: (1 picafarad or ‘puff’ = 1 micromicrorarad = 10-12 farad), it is clear that the rate of change
of potential may be 105 volts/second. After a few seconds many undesirable pheunomensa uccur, es-
pecially those which interfere with electrostatic measurements or with communications.

The basis for this discussion is an instrumentation system [PELTCN an¢ Cthers, .1953] (dis~
cussed in the next section) which senses the electrostatic charge on the aircrait and uses this in-
formation to control a high-voltage corona discharge point behind the tail of the aircralt, sc that
excess charge may be discharged by the corona point and blown away by the slip-stream.

While corona points have been used to discharge aircraft 2s just described, and for investigai-
ing atmospheric electricity from ground stations [CHALMERS, 1949, 1954] mosi calibraiisn.s have
been done in still air in the laboratory. In flight, and generally at a ground siation, there is wind
past the corona point. Since conditions with wind are quite different from those without, the effects
of wind receive primary attention in this discussion. We shall see that tise usual type of catisraiion
done in still air is completely inapplicable to the case of an isolated pouint in wind.

The zero electrostatic charge on aircraft (ZECA) instrumentation system--The electrostatic

charge on the aircraft may be determined by measuring the surface electrostatic field with gener-

ating field meters (sometimes called generating voltmeters or field mulis). Almast iwrvariablythere

is an electrostatic field in the atmosphere; hence the electric field at the suzfare of the aircratt

consists of two components, that due to the ambient field (which is veitiezal in fair weather), and N
aThis article is a revised and somewhat extended version of a paper of the same title pre-

sented at the Conference. A more complete discussion than is given here, includiag all mathemati-

cal derivations, may be found in the author’s Cornell Aeronautical Laboratory Report No. 66,
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that due to self-charge. Clearly a minimum of two meters is rejquired to distinguish between these
two fields. There are several sets of two points on the aircraft where two meters could be placed
so thati their readings could be combined to yield self-charge. Most of these points, however, are
in awkward positions, such as where the fuselage is highly curved, and where slight inaccuracies
of positioning the meters would give false indications.

The ambient electric field may have horizontal cocmponents as well as vertical components.
All components may be determined in addition to the self-charge of the aircraft. A convenient
arrangement is to place two meters far out on each wing well away from the fuselage and engines,
but not close to the wing tips. In these regions the wiags are fairly flat, and one may calculate the
‘form factors’ associated with any given location. Meters should be placed along the electrical
center lines of the wing so as to be insensitive to longitudinal horizontal fields (see Fig. 1).

Fig. 1--Location of field meters and corona
point in the ZECA system

Whern due account is taken of the form factors it is not difficult to see that
EI-E2+E3-E4°CEZ R ¢ § |
E1+E2-E3-E4°=Ey......................(2)
E1+E2+E3+E4OCEQ......................(3)

where E1, E2’ Eg, and E4 are the form-factor corrected readings of meters 1, 2, 3, 4; E; is the
vertical component of the ambicnt electric field, Ey is the transverse horizontal component, and
Ep is the field at the meters due to electrostatic charge on the aircraft. Actually there is sume
r’t%undancy since four meters are used to give three quantities, In fact, if one of the meters be-
comes inoperative in flight, it is possible to switch the meters 3o that only three are needed. For
convenience, however, and from symmerry, it seems best to install four meters as shown. If the
longitudinal component of the ambient iield is required also, then a fifth meter should be installed,
presumably directly on the front of che rose.

The readings of the several meters are combined to control a 100-kilovclt dc voltage supply.
One side of the voltage supply is connected to the airframe, while the other is connected to a corona
point insulated from the skin of the aircraft. The tip of the corona point is about 40 cm bebind the
tail of the aircraft, where in principle it is subjected to the full force of the slip-stream past the
aireraft.

Obviously it is important to estimate the magi itude of corona current which can be obtained,
in terms of the potential applied to the point, the a:rcraft spzed, ion mobility, and geometrical
quantities such as the distance of the point (or points) behing the aircraft. Such un expression is
required so that design information can be obtained, performance data can be estimated, and results
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can be analyzed properly. Assertions have been made that current blown away from the airplane
by unipolar ions created in a ga.eous discharge will be limited to rather small values of discharge
current of about i5 microamperes. While we have measured currents greater than this, in order
to understand the mechanism of discharge of the aireraft (as distinct from the detailed mechanism
of corona discharge itself [LOEB, 1948]), it seems worthwhile to endeavor to calculate the currents
which may be obtained. For the sake of comparison, results are normalized to conditions with a
point poteatial of 100,000 volts and with an aircraft flying with a speed of 100 m/sec at an altitude
of about 18,000 it, where the pressure is half of sea-level pressure,

Py

Basic mathematical relations--The fundamental relations governing the motion of space charge ¢
created by the corona point are
V2V=-,o/eo PN )]
E=-grad V . iv i tenerneneosanssoenssvssncsnsneses(d)
U KE 4 V.t etenrneeeeonneessasnenonoeeaassassss(B)
div (pu) = 0 except at the point and at electrodes. . . .. ... vev oo (T)
L= PUS. it tettnennnesssvssesosnnseesnsesnnssl8)
where
V = the electric potential
p = the volume space charge density
= the permissivity of empty space = 8.854 X 10° 12 farad/m
¥ = the electric field
u = the ion speed
k = the ion mobility (+1.6 X 1074 or S22 X 10° 4 m2/sec volt
at sea-level or about 4 x 10~% m 2 /sec volt at 18,000 ft altitude)
v = the airspeed of the airplane
i = the current
S = an appropriate area
Eq. (4) and (5) are the fundamental equations of electrostatics, (6) essentially defines mobility
(since in still air, ion speed = kE), (7) is the equation of continui.y, and (8) relates current to space
charge density.
Other useful equations can be derived from (4)-(8). Complete derivations are given elsewhere n
[CHAPMAN, 1955] and the results only are given below. ¥
l Sometimes it is convenient to consider the effect of wind blowing ions along as equivalent to an
electric field Ey. From (6), Ey, is seen to be
Ew=v/k(9) .




wf

123

In the absénce of space charge, at-a distance r from a point charge g, the electrostatic equa-

-tions can be written

from which it is readily seen that V =q/4m €,r.

Consider a spherical system without wind having a small grounded inner electrode -and an outer

-electrode at a fixed potential, with total space charge current i between electrodes. At any point at

radius r within the system of at the outer electrode, to a very close approximation

Consider a semi-infinite cylinder of space charge of uniform density p, whose radius isrg, and
whose axis lies along the X-axis. The cylinder extends to:infinity from a plane normal to the X-axis

at xo. It may be imagined tha* *he space charge was emitted at a rate i =d p/dt by a sotrce of area

Tr2 traveling with a speed v along the axis: The space charge is considered to remain fixed and

not to spread out radially. It is apparent that the

linear charge density = i/v = 'ﬂ’r32p. Ceeeeaean G ereaeaan (15)
The electric field E,, at the origin of coordinates is directed along the axis, its value i is

E,=(/2Te; rsv)[V1+(xo/r3 -x /r3] B ¢ )]
If the end of the cylinder is at the origin, then x, = 0 and for the field Ecc{ie) siinplifies to

Eco’=i/2'n'€or3vs.ao-0-::0¢00¢0. --------- (17)

From (16) and (17) we see that most of the field at the end of l.e cylinder is due to space charge
close to the end. Space charge between the end and x = 0:;75r3 contributes half of the field; while
space charge beyond x = 5r3 contributes only one-tenth of the field.

Consider a paraboloid of space charge whose axis lies along the X-axis. The paraboloid has a
radius R, at the origin and extends to infinity along the positive direction of the axis. Because of
the self—repulsive nature of space charge; it can be shown [CHAPMAN, 1955] that the space charge
will spread out in the form of a paraboloid whose radius R at an abscissa x is given by

RZ=R2+ (ki/mevh)x ..ooino.... s . (18)
where
i = current or rate of emission of space charge
v = speed of source
k = mobility of the ions comprising the space charge

If the paraboloid is truncated at an abscissa x and extends to infinity beyond x, then the electric
field at the origin is given by
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E,=(v/z)n — (VR +bxix +x+b/AO° -4Re) = )

2 (Rozrb +bx -,2R02*x = ERf §63 +.bx + x2)

where
b= kl/')r€V2 P v e T a s s e T e e e 5.--‘.¢ooua(20)

If the paraboloid is truncated at the origin x = 0 where the radius of truncation is R, the field at the
origin Epo becomes

= (v/k) 1n[1+ (ki/2m € V2R )] e cvvvnn.nn R ¢ 3))

To find the field on the X-axis at a point x = =2rg of -the paraboloid truncated at the orxgin (18),
it is convenient to translate the truncated paraboloid of (18)-by a distarice 2rg, so that it is now
truncated at x = 2r5: Then-we can find the field Ep at-a-distance 2ry from a truncated paraboloid
whose radius of truncation-is Ry, this field being formed by a current Source i having a speed v.
We find from (18) and (19) that

- (/28) 1n ([VRZ + 4r + 2rg] +15/2) ®2/4 ;‘gbz 2o e
R2b/2 - [R2 - 2bre] [VRZ + 4r3 +215)) i

) 15
where b is given by (20):

Dimensional analySis-=We can learn some facts about corona discharge from dimensional
analysis. In electrical phenomena we may choose four fundamental quantities, for example, length,
mass, time, and charge: Actually it is simpler to take charge, po.ential; length, and time. By the
usual type of analysis the relevant parameters can be corabined to vield the following result for the
blow-away current i

i= €y (FkVE/8+GWy+HBVE/K) oo oennennnn., vee..(23)

= the permissivity of empty space = 8.854 X 10712 farads/m
F, G, H, sre non-dimeénsional coefficients undetermined by the dimensional analysis
k = the mobility of the ions
Vy =the potential of the discharge point relative to the aircraft skin
4 = some geometrical length or combination of lengths
v = aircraft speed
Three special cases are of interest.

First, suppose the point is at rest in the air {v = 0) as in a laboratory test. Two of the terms
vanish, and the corona current is proportional to V1%, and also to K. Since the ratlo of positive to
negative mobilities is 1.6/2.2, the current at a given potential would be expected to vary in the same
ratio as polarity is changed. Further, mobility varies inversely with density. The isothermal den-
sity of the atmosphere decreases exponentially with altitude, the density at 18,000 ft being about
half that at sea-level, and the density at 36,000 ft being about one-guatter that at sea-level.
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Therefore, one would expect current to vary accordingly in altitude chamber tests. All of these
effects are observed quite rigorously [for example, PELTON, 1953, Fig. 9].

e

Second, suppose that no potential is applied to the discharger. Again two terms vanish in (23),
This is virtually the case in the Philco system [GREEN and LAURENT, 1950], where the outer
cylinder is at the same potential as the airplane skin, and the high voltage points are shielded by
the surrounding cylinders. Although their wind tunnel tests were hardly definitive, the current did
= vary with a power of the wind speed. Theoretically one would expect the current to vary with the
square of the wind speed.

. 4!%

Third, suppose that there is no significant geometrical distance in the experiment. This would
be the case if the corona point were isolated far enough behind the aircraft to prevent return cur-
rent from flowing back to the aircraft skin. Once again two terms in (23) vanish, and now the cur-
rent is proportional fo the aircraft velocity and to the point potential. Further, the current will be
independent of mobility, and hence independent of polarity (although k+ is not equal to k-), as well

! as independent of altitude (although k varies with altitude). In wind, an independence of polarity
=] and a linear dependence on potential has been reporte¢ "LANGMUIR, 1945).

Any theory cf the magnitude of corona discharge current must reduce dimensionally to these
cases.

Physical relations--When an aircrait becomes highly charged in flight, it is because an excess
of current of one polarity is being delivered to it, generally by impact of “frictional’ electrification
all over its frontal area. Most regions in the atmosphere are electrically neutral, or at least neu-
tral in comparison with considerations involving currents of many microamperes; hence the air-
plane will acquire one sign of charge while it leaves behind it a broad region of space charge of
opposite polarity. If the electrostatic charge on the aircraft is maintained at zero by an active cor-
onz point in the tail of the aircraft, as in the ZECA system noted above, then there will be a narrow
dense region of space charge discharged by the corona point directly behind the point. Subsequently,
this narrow dense region of space charge is assumed to have different mathematical forms, such
as a cylinder, or paraboloid.

Ut

At large distances behind the aircraft, the two space charges of opposite polarity will inter-
mingle and exert no influence on the discharge. Close to the point, however, the broad space charge
will have a minor influence, so that we shall be concerned mainly with the narrow dense region of
space charge just behind the point.

Clearly, very close to the isolated corona point, there must be spherical symmetry (or almost
spherical symmetry), since virtually all of the effects will be associated with the point potential and
wind will be unimportant. It has already been mentioned (see Eq. (18)) that far behind the point the
space charge will assume the form of a paraboloid. We thus have boundary conditions defined in
general terms. It is the purpose of the mathematical discussions which follow to try to fit a solution
to these conditions.

As a method of procedure we may assume that ovt to a certain distance from the point, spherical
conditions apply; beyond that distance the situation may be described in terms of a eylinder or trun-
cated paraboloid of space charge (see Fig. 2). Point potential V1, ion mobility k, aircraft speed v
may be assumed to be known. There are four main unknown parameters: discharge current i, radius
r, of the sphere about the corona point in which spherical conditions apply, radius rg of the cylinder
or the radius Rq, of truncation of the paraboloid (depending on which model is adopted for calculation),
and the potential V4 of the spher= of radius ro. To solve for these four unknowns we must have four
physical conditions for which we can write appropriate relations. Physical reasoning suggests the
C . f%llg\}v ag conditions as being applicable (although there are others that may be chosen [CHAPMAN,
1955]:

Condition I~-Directly behind the point the electric field vector toward the rear associated with
the point potential must balance the electric field vector forward associated with the narrow dense
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DIRECTION OF MOTION ~
S —————
OF AIRPLANE

CYLINDER OF SPACE CHARGE

X-AXIS
©.4 0.6 08

1.0 METER

Fig. 2--Geometry of the methods of the space-charge sphere and cylinder
(solid line) or truncated paraboloid {(broken line)

region of already-discharged space charge. In other words, the point potential must be great
enough to force the ions into the opposing already-discharged space charge.

Condition II--Forward of the point toward the aircraft skin, the sum of the electric field vectors
associated with the point potential and with the narrow dense region of already-discharged space
charge must be balanced by the effective field vector of the wind. In other words, the point poten-
tial tends to create an electric field that drives ions back to the airframe; hence there mustbe a
strong enough wind past the point to blow the ions away from the airplane and thus prevent return
current to the aircraft. If discharge current returns to the aircraft, it does not influence the net
charge on the airplane, and therefore serves no function.

Condition IlI--In the space charge sphere where electrical forces predominate over wind forces,
(13) must apply. We understand by V the potential difference between the point and the surface of the
sphere, that is, V{ - Vq.

Condition IV--Some criterion must be applied to relate the point potential and the potential of
the surface of the sphere. Subsequently the relation Vo = V1/3 is derived; and a different reiation
is suggested.

From these four conditions, in principle we can solve for all the unknowns of interest. The
validity of the solution depends, of course, upon the validity of the conditions. In the subsequent
paragraphs four different approaches are used to apply the conditions.

The V/3 rule; Vo = V,/3--Consider a spherical region of radius rg around the corona point.
Within this region assume that electrical and space charge forces on the ions predominate over the
force due to the wind (see Eq. (§)), so that the wind is assumed not to exist. Within the sphere, (12),
{13), and (14) apply. Outside of the sphere, suppose that the wind force predominaies over the space
charge forces, so that we may assume that the free space equations, (i0) and (11), apply. (This last
assumption neglects the effect of the narrow dense region of spaca charge behind the point, but we
shall take this into account in the later section on method of variation.)

The potential of the corona point relative to infinity (or relative to the airerait skin, providing
the aircrait is zero-charged) is V. The potential on the surface of the space charge sphere is V2.
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Just within the surface of the space charge sphere, {rom (14} the radial electric field is
Em=—(§r’1-Vz)/"ar2 D LY

Just cutside the surface of the space charge sphere, from (11) the radial electric field is
Eou{=-V2/l' 'sooo.o.-i-...o.acaooo--c(zs)

Since there is no finite space charge on the boundary, E ut = Ej, and hence

or

Vo=V/3 cieiiniiaans S X))

Thus, if a point at infinity is considered to have zero potential, the potential on the surface of the
space charge sphere is one-third the potential of the point. Eq. (27) will be referred to as Condition
1v.

The conclusion of (27) may be reached also by a more elegant argument [ LANGMUIR, 1945].

Method of the simple space charge sphere--The following analysis is a simple one, and is not
rigorous since it neglects the inhibiting influence of the electric field of the already-discharged
space charge. It is included because most of the material in this section is required for the two
foliowing sections, which are more rigorous, and do consider the influence of the already-discharged
space-charge.

As above, let us suppose [LANGMUIR, 1945] that all of space may be divided into two regions.
The inner region about the corona point of potential V1 is a sphere of radius ry having a surface
potential Vy. Within this region space charge (12), (13), and (14) apply. The outer region comprises
all the rest of space. In the outer region space charge forces may be neglected and only wind forces
(Eq. {9)) apply. In this situation we have seen that Condition IV is

In (313}, the potential difference between the corona point and the sphere is Vl - VE; thus Con-
dition HI is

i=(3mey/2[k (V) -VP/ry] oo, e (29)
If we substitute {28} we obtain
L 2Me KV R 3yt (30)

Since we consider that space charge effects may be ignored outside the sphere of radius r,, from
(11) and (28) for the radial electric field Eg just outside the surface of the sphere we have

o ... (31)

Now let us apply a variant of Condition II, and take the field at the surface of the sphere Eg to be
just equal to the wind field E_ = v/k (Eq. (9)). Thus
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When (29) and (30) are combined we have the results
=2mewVWy oo, eesexe(33)
r2=k"1/3v ------ ooo---..aoocooo.o.-.(m)

If we substitute our normalized values v= 100 m/sec, V; = 100,000 volts, and k = 4 X 10"4m2/sec
volt,

“l’\

i=55:’3x10'samperesor5£. MICroaAMPEreS « v v s ¢ 2 savesaeaqs{35)
ro = 0.133 meter . . ... ceccesseaeae P & 1]

It is to be noticed that the blow-away current is proportional to the first power of the speed and the
first power of the point potential. The current is independent of mobility and any distances. Eq.
(33} is consistent with the dimensional analysis of (23).

Method of the space-charge sphere and cylinder--Here we consider that there is a space charge
sphere about the corona peint in which wind forces are neglected, and behind this sphere there is a
non-expanding cylinder of radius rj of already-discharged space charge, as shown in Figure 2. We
make use of Conditions I and IV as in the previous section so that (30) and (31) are applicable here
too.

Condition I specifies that the axial field E, :t the end of the cylinder of already-discharged
space charge, given by (17) is equal to the radial field Eg at the surface of the space charge sphere
given by (31).

Thus

Es=Ecoe...;-.-..-o.--.--a-oc-.-ovo(37)
or
VifBrg=i2merav. ..ol ceeeenes..(38)
Condition II specifies that E,+ Eg= Eg where

E, is the field at the forward surface of the sphere, from the
cylinder of already-discharged space charge, and is given by (17)

E_ is the field at the surface of the space charge sphere
given by (31}, and

E, is the wind field given by 9)

Thus

or

V/k =V /3, + (/2T € rav) [V1+ (2r2/r3)2 - 2rp/Tg] +v ... .. (40)
The solution of (30), (38), and (40) is jCHAPMAN, 1955] *
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L5027 I et (a4)
Substituting normalized values v= 100 m/sec, Vy = 105 voits, and k =4 x 10‘4m2/sec volt, we have i
3 cyhiader radius rg=040meter............. (45)
sphere radius ro=0.191meter ...... eeea..i46)
- current i =388 x106 amperes. ...... 47
| sphere potential Vy=33,000volts . ........... 4s8)

The form of (43) is the same as for (33), the only difference being the numerical coefficient. Eq.
(41, (42), (43), and (27) are the solution for the four unknown parameters previously cited, as deter-
mined by the four conditions, applied to the non-expanding cylinder of space charge for the narrow
dense regioa of space charge behind the corona point.

Method of the space charge sphere and paraboloid--If we replace the non-expanding cylinder of
space charge by the truncated paraboloid referred to by (19), (20), and (21}, and shown in Figure 2,
then in the analysis just presented we should replace Egq by Epg and E¢ by Ep. The algebra is
extremely tedious and solutions must be obtained in part by triz2l and srror. The rasults are
- [CHAPMAN, 1955]

3 radius of truncated paraboloid Ry=0.274meter ....o.oouvuunnn. {49)
: radius of space charge sphere rg=0.188 meter ...............(50)
= current i=39% x19"%amperes.......... (51)

sphere potential Vy=33,000volts . .......... ... (52}

It is seen that the resulis here are not very different from those in the immediatels preceding case.

The method of variaticn of f; Vg = {V--The method of the sphere and cylinder may be repeated

without, however, using the result of V/3 rule, that is, that the sphere potential Vo is ?3;53, where
Vi is the point potential. Instead we may place

= Vo=V oot cecanae (33)

where the fraction f is a parameter whose value, as we shall see, lies somewhere n the range from
about 0.3 to 0.5. Results for a few arbitrary values of { are given in Table 1.

ik ‘

The problem now is to determine a physical basis for selecting the proper vaiue of f. The re-
sults for the space charge sphere and cylinder constitute the first line of figures. In that discussion,
above, the presence of the narrow dense region of space charge behind the space charge sphere was
d ignored. While we must not be too rigid in our thinking regarding the physical existence of a math-
= ematically defined space charge sphere, it does seem true that the presence of the narrow dense

region of space charge so near to the sphere ought to give it a surface potential grea'er than would
be the case if the narrow dense region of space charge were not there.
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Table 1--Results for various values of the parameter {

Parameter

I
=

Current
i

Spheré
r
2

Cylinder
I3

Wind field
Eg=v/k

0.333
0.40
0.442
0.48
0.50

H{amp
388
252
245
197
179

m

0.151
0.205
0.212
0.228
0.231

m
0.40
0.27
§.212
0.169
0.150

v/m
250,000
250,000
250,000
250,600

250,000

The capacitance of an isolated object is defined as the ratio of its charge to iis potential. Itis
well known that if C is the capacitance of an isolated conducting sphere, then the capacitance of two
equal touching coanducting spheres is 2C In 2, or 69.3 pct of the sum of the capacitances of two isolated
spheres. Thus with a given charge on a sphere, its polenlial is increased in the ratio 1/0.693 by the
presence of 2 second equally charged sphere.

We may consider the second sphere as an approximation to the narrow dense region of space
charge behind the space charge sphere. Applying this argument, we might expect the V/3 rule to
be modified to V/(3 X 0.693), er in (53) we might expect

£=0.333/0.693=0480......... Giesarreeneans (54)

Hence the fourth line of figures in Table 1 would be the correct one; that is, the current would be
197 micreamperes.

Alernatively we might select a value of { intermediate between .333 and 0.480. Since icas do
move away from the sphere about the point, there is the presumption that the second sphere should
be chosen to have a smaller polential than the {irst, an efiect that would yield a value for f of less
than 0.48. The solution for { = 0.28 is somewhat disturbing also, since r3 is less than ry, and such
a geomery aoes not seem particularly appropriate. Again we mignt select the condition rg =r3 or
{f = 0.442, In any case 0.333 seems too small for {, and probably the value lieg between 0.4 and 0.5.

The mathematical argument is not continued beyond this point in this paper, although further
ideas are given elsewhere [CHAPMAN, 1955].

Still air simulation--Consider a laboratory set-up in still air, the set-up consisting of two
horizontal parallel plates separated a distance d, as shown in Figure 3. A potential V is appiied
to the upper plate, and a corona point is placed throvgh a hole in the lower plate so that the point
is at a height h above the lowsr plate. Af the same height h, but at a place removed from the
point, the potential in the space between the planes is ‘é‘§= so that the potertial difference belween
this region and the point is Vps-

Since the eleciric field between the plates is V/d, ions of mobility k will move in the regien
between the plates at a speed kV/d. Thus the arrangement of Figure 3 simulates a condition where
ions are in a simulated wind of speed

Ve=RV/E ... {55)
and the point is at 2 potential

Vog=VR/d. oo, (56) s

relalive to its surroundings.
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V,d

Fig. 3--The experimental arrangement for corona-discharge
measurements using an electric field to simulate
the effect of wind
From the analysis of the sphere and cylinder, we expect corona current from aircraft in flight

tc be proportional to the first power of the point potential and the wind speed. Thus the true current
i; from 2 corona point is

ii=(th/Vps}(vt/vs)is T 10
where
th = point potential on the aircraft
Vps = simulated point potential, (55)
v = true airspeed
vy = simulated wind speed

If we note that for actual corona points there is a starting potential V, of three or four kilovolts,
(57) becomes

et Vo o Ve

t Pnza- v dtkv/di’s "rorerrme e et (88)

* r

My colleague, Roland Pili€, has made careful measurements with an experimental arrangement
like Figure 3. The lower plate was 0.81 meter in diameter; the upper plate was 0.61 meter in di-
ameter and its circumferential edge was protected by a corona shield consisting of a bicycle tube
painted with a conducting layer of colloidal graphite. The point was a Recoton Superchrome Phoneedle
(2 standard 6.006-cm radius, 78 rpm phonograph needle) placed at various heights h from 0.04 to 0.12
m above the lower plate. Piate separztion d was 0.30 m. These data were taken in 1953.

Curves foliowed the usual quadratic form above a starting potential, as would be expected. For
example if the analysis of equation (58] is correct, cne would exgect

g hK(V -V V/d> ...oiiiiiiiiiin.. (59)
where
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Thus current would be quadratic with V above a starting potential V,_;.

Some representative data taken at 20°C and 74cm Hg pressure, with h = 0.10 m aud d = 0.30 m,
were

ig = 22,7 X 10-8 amperes, V = +64,500 volts or - 76,500 volts; and
14 = zero at onset, Vo' = +9000 volts or -12,000 volts.

Taking values of mobility as k+ = 1.6 X 10'4m2/sec volt, and k- = -2.2 X 10'4m3/sec velt, we can
reduce the data to 0°C and 76cm Hg, and then normalize to th = 100,000 volts and v = 100 m /sec,
we kzve for the positive point (negative upper plate)

iy, =+225 X 10" amperes. .. ... ... oLl (8D)

and for the negative point (positive upper plate)

iy =-227x10 8 amperes...........iiiiia. ... (62)

In view of the fact that the simulated speed of (55) depends on mobility and on potential, it is inter-
esting that the measured data give essentially equal currents. This independerce of current upon
mobility was referred to earlier. The simulated wind-speeds from (55) may be readily calculated
to be 45 m/sec for the positive point, and 52 m/sec for the negative point.

Data of wne type given here taken by various observers are nol always in quantitative agree-
ment. In one experiment [LANGMUIR, 1945] data were given for the negative point only where d
was 0.05 m. Using that data, the negative point current would be about twice the current given here.
It may be that in the smaller apparatus, all the electrens from the discharge had not attached to
form negative ions. The near equality of the positive and negative currents using the data given
here suggest that in these experiments ions rather than free electrons were involved.

If the simulation could be done with a strictly isclated point, it is the opinion of the author that
the method would be uite good, in spite of possible electrical mirror image effects in the plate.
The poirnt, howaver, is supported mechan‘cally with an eloetrical conductor, which to some extent
distorts the field lower than the point. 1t is difficult to say whether this effect decreases the cur-
rent by reducing tbe simulated wind behind (or lower thaa) the point, or whether it increases it by
yielding a correspendingly greater field ahead of (or higher than) the point. Probably both effects
would be irly small, not exceeding ten per cent.

Miscella 1eous comments--All the preceding analyses have involved approximations, and ob-
viously the results must not be considered quantitatively precise. For example, we have con-
sidered a space charge sphere from which wind is excluded, with the wind having full speed else-
where. Clzarly this model can be only app. oximate, especially since the ‘sphere’ probably will be
skew.

If the airplane is not aerodynamically clean with sharp trailing edges, thzre will be lmage for-
ces in the airplane. A {lat plate transverse to the wind and transparent to it (if such can be imagined)
would reduce the current by a factor of about 2

If there is a conducting plasma around the point, there will be little voltage drop for a short .
distance. Hence Vy will apply to « surface having a radius ry of a few centimeters, The effect va
the current is the same as increasing the peint potential. This phenomenon wac perhaps respons-
ible for the fact that altitude chamber measurements of current [FLTO™M, and Others, 1953] quan-
titatively were greater than theory would call for on the basis of the cha..s~r radius. A ratic of
plasma radius to chamber radius ¢f onc to nine increases the cur.ent 2.25 times over that {or a
point.

It is worth noting that the starting potential for a higl voltage flame is zero, but for a metal
point it is a few thousand volts.
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With an ordinary point, the discharge is very unsteady until the current reaches a value at
least as great as about half a microampere. If radioactivity is applied to the corona point, then a
finite stable discharge is obtained with a very low voltage. The corona point attached to the author’s
garage is 32 ft high, and has 320 micregrams of radium on it. In fair weather a current of 0.01 to
0.05 microampere commonly is obwained. With thunderstorms or snow squalls 1n the vicinity, the
current commonly is one to five microamperes. Peaks as great as 2v microamperes of either
polarity have been observed. The radioactivity is of negligible significance (other than in stabiiiz-
ing the current) when the current exceeds about 0.3 microampere since the total ionization created
by the radioactivity is of that order of magnitude.

If one attempts to establish a value for the surface potential of the space charge sphere by
integrating the field from the narrow dense region of space charge from infinity, irrespective of
the path the result is infirite. This shows that the broad region of space charge of opposite polarity
should not be Ignered in this type of integration.

When discharge currents are being measured in fair weather, it is impertant to note that per-
iormance data should be taken when the aircraft is zero-charged. Otherwise the potential of the
ajrcraft may influence the discharge, so as to give misleacing results. To obtain maximum current
under zero-charge conditions, the aircraft should be charged (by manual over-ride on the controls)
with one polarity., Then the discharge polarity should be changed, and current recorded as the air-
craft passes through zero-charge.

Data and conclusions--It seems to be established that for this type of discharger configuration
with an isolated high-voltage corona point, the current is proportional to the first powers of the
point potential aad the velocity, 2nd is independent of mobility, and hence of polarity and altitude.

Unfortunately, the data [PELTON and Others, 1353] from the B-29 are very meager; in fact
therea is only one really useful current measurement at +23 kilovolts at a true airspeed of 273 miles,/
hour. The result is somewhat questionable and should not be considered as definitive. Adopting a
four-kilovolt starting potential, and extrapolating to the normalized values of 100 kilovolts at 100 m/
sec, the current would have been 154 microamperes. Aerodynamicists at the Laboratory [PELTON
and Others, 1953} consider that tke true airspeed in the vicinity of the point was between 0.6 and 0.8
of the true iircraft speed, since the special fairing at the tail surface built to accommodate the point
somewhat snielded the point asrodynamically, and hence probably reduced the wind speed there. If
we adopt an average value of 0.7 for the speed reduction factor, then at the full speed of 100 m /sec
the current would have been 220 microamperes.

A summary of the magnitude of the currents we have discussed follows:

(a) Method of the simple space charge sphere 555 microamperes
{(b) Method of the space charge sphere and cylinder 388 microamperes
(c) Method of the space charge sphere and paraholoid 394 microamperes
(d) Method of variation of £ 197 microamperes

f=0.333/1n 2 = 0.480

{e) Method of variation of f 245 microamperes
ry =TIq, therefore f = 0.442

(f) Observation by simulation (1955 datz of Pilie) 226 microamperes
(g) Other metheds of calcusation [CHAPMAN, 1955] 170-400 microamperes

\h) Extrapolation of the B-29 datum 220 mieroamperes
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Method (a) obviously glves a value that is too large, und it should b2 rejected from serious
consideration. Values of Methods {(b) and (c} probably are distin:tly too large. The reasoning re-
lating to the variation of f suggesis that the value cf Method (d) is probably too sn.all, with a pref-
erence for the value of Method {e). As remarked in discussing still air simulation, the resuit (f)
is probably fairly good. Not a great deal of confidence can be attached to the measuremeant 1), In
my own thinking I consider 225 * 25 microamperes to bz reasonablz, on the basis of calcuiations
and simulation.

The figures just given apply to the use of a =ingle isolated poinrt behind the aircraft, this point
receiving full benefit of the slip stream. Clearly, i several well-separated points are used, the
current should be proportional to the numuwer of poiats. If points are ncot spaced considerably farther
apart than twice the space charge sphere radius (2r2 = ahout 40 cm at 18,000 £ altitude or about 20
cm at sea-level) then interference effects betweer points would be expected to reduce the current
per point. The point must be placed behind the airirame skin a distance distincily greater thon rg
if return current to the aircraft is to be avoided.
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REPORT ON SOME OBSERVATIONS ON ATMOSPHERIC ELECTRICITY
Josef Fuchs

Ramperstorffergasse 2
Vienna 55, Austria 9
Abstract~--The audio-frequency phenomenon of ‘whistlers’ or ‘sifflements,’ which .'T‘}
can be heard in long wires as a musical tone descending in frequency from several ¥
gilocycles to nearly zero eycles within an interval of about one second, was observed xi:
at the Sonnblick Observatory (elevation 10,200 ft) continuously over a six-year period. L8
it shows a daily and a yearly fluctuation ('frabert; Conrad). Studies of potential-gra- g
dient measurements made dering times of disturbed weather have shown distinct char- ~
acteristics associated with the passage of different types of meteorologicalfronts, The 2y
form of the potential-gradient curve as a function of time during the passage of cold 5y
frents is quite unique and easy 1o distinguish from that during the passage of warm 3
fronts (Seper). Observations of the kind of atmospherics called ‘grinders’ and ‘clicks’ Yy
have shown that the former, probably resulting from glow discharges, exist only during &
the earlier phases of the development of a thunderstorm, while the latter, resulting from el

ncrmal lightning flashes, sredominate during the storm’s main phase and thereafter.
Continuous observations of grinders and clicks are therefore a valuable source of infor-
mation about the electrical state of weather situations and also give indications about
the dynamic processes envolved,

1 should like to report some observations on atmospheric electricity, which may be of some
value for a deeper understanding of problems, which are at present only partially solved.

The first report concerns the audio frequency phenomenon of ‘whistlers’ (or, in French, ‘sif-
flements’) which are of actual interest, because new hypothesis are made about their origin. Such
a whistler can be heard easily in long wires as a musical tone, which descends in frequency from
several kilocvcles to nearly zero cycles in about 0.1 to 0.8 second.

I think that it wili be of interest to note that this phenomenon was observed as early as 1888,
and continuously during the six following years at the Sonnblick High altitude Observatory, This
meteorological observatory is situated 3100 m above sez-level and is connected with the post of-
fice by a long and free telephone line in a north-south direction.

This telephone wire has a length of 22 km and covers a difference of elevation of more than
two km. It was grounded at both ends, Immediately after completion, Professor Pernter often ob-
served a whistle of variable intensity in the line and Professor Trabert evaluated the observations
of the aforementioned six years. Later, in 1902, Professor Conrad, now in this country, made a
special investigation on the intensity of these whistlers during cloudless weather and found a strong
relation to the value of the normal daily periodically changing potential gradient of ~ositive sign.

In 1928 I also or~erved this phenomenon as a short whistle of decreasing musical frequency,
lasting about 0.2 second, with irregular intervals between two whistlers often up to several seconds.
This phenomenon sounds, somewhat similar to the whistle produced by a flick with a whip, It was
always perceptible without any amplifier. Furthermore I found that increasing values of the posi-
tive potential gradient are connected with an increasing nuinber of whistlers to four or five per sec-
ond., But, an interesting fact, this correlation failed at negative values of the gradient that is during
disturbed weather. In this cases whistlers remaines weak, not withstanding that the negative poten-
tial gradient rose to values higher than -1000 V/m.
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Figure 1 shows the normal daily period of the whistlers deduced by Trabert from the six-year
series of observations from 1888 to 1894, One sees that the whistlers in the 22-km long telephcne

line show a regular behavior. The 0 means no whistlers, 1 means few, 2 medium, and 3 means a
great number of whistlers, M

Concluding this report on whistlers in long wires ii can be said, that the Sonnblick observations
did not lead to any conclusions about the physical cause of the phenomenon, but one gets the impres-

sion, that the electric field of the atmosphere must play a particular part in the generation of this
phenomenon. o

The second part of this report concerns the relation berween the behavior of the potential gra-
dient and the corresponding weather situation, It is known that the potential gradient often varies
in close connection with the changing weather, but it is seldom possible to coordinate certain weather
situations to certain states of atmospheric electricity. Because it was expect 1 that the same me-
teorological situations must normally lead to the same distribution of charges in the interior of the
clouds, a research program was undertaken with the aim of correlating the form of the curve of the 1
potential gradient to the corresponding of weatherfronts. "
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Fig. 1--The normal daily period of whistlers, deduced by Trabert from the six-year
series of observation 1888- 1894 at Sonnblick High Altitude Observatcry, Austria

It was then observed by Dr. Seper (Fig. 2) that a normal warmiront produces in general a
negative potential gradient during the whole time of its passage. Only when tke front had passed,
the field ch.unged again to its normal positive values. Slow wandering cold fronts, such as those

of the first order in the classification of Bergeron, behave nearly in the same manner. This is
not surprising, for in both cases there is a warm air mass, which is gliding up on a cold air mass.
The difference is only that in the case of a warmfront the active one is the warm air mass, whereas !
in the case of a cold iront of the first order the active one is the cold air mass,
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The observations showed also (Fig. 2) that the time of the passage of the front is more pre-
cisely determinable Ly means of the times of commencements of field changes than by that of the
meteorological elements, observed on the ground,

A cold front of the second order in the sfnse of Bergeron shows quite another behavior. This
is the well-known cold front of strong turbulence. In this case the field changes frequently between
greater positive and greater negative values of the potential gradient. This behavior is easily under-
stuod for it is not only known, that the clouds of such a cold front have a complicated structure but
also, that they must have a cellular and subcellular structure as, in an extreme case, is shown by
- = the clouds of a thunderstorm.
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Fig. 2--Potential gradient registration in Vienna, Austria (with Benndor{-electrometer)
during the passage of a warm front (above at 16h, below at 10h) and the
¢ following cold front (at 21h in both cases)

4 It is clear that the forms of the curve of the potential gradient (Fig. 3) are not always received
] in the aforementioned pure forms but sometimes combined with other effects acting at the same
= time,
The results of this investigation have shown that in every case the observation of the potential
gradient gives a better knowledge of the dynamic events 1n a front than the observation of the mete-
orological elements on the ground.

iy Xy Ko Ry oy | B

g e o A

S

1 B




e e L b o s g

— 5
SURFACE RS ! . #——e TIME
MAP s l . ;

—ad A

COLD AIR

POTENTIAL GRADIENT, VOLTS

A = Y ]
49 g0 =5 f; ! L AT o WP -~ M
: AT 346

5 — 746

e 34

N b s TIME — 4L

= =~ mn

Fig. 3~-Th§e behavior (of an average of nearly 100 front passages) of the potential
gradient during the passage of corresponding phases of a barometric
depression; P = pressure; T = temperature; F = humidity

The third part of my short report concerns the qualification of two sorts of atmospherics to
estimate the electric and dynamic status of clouds in the growth-stage and mature-stage of a thun-
derstorm. These two sorts are the ‘clicks’ and the ‘grinders,’ of which by far the greatest number
of publications deals with the clicks.

Thereasonsare first that the receiver or any automatic device cannot distinguish between clicks
and grinders, and second, that the clicks show on the average greater amplitudes than the grinders.
Therefore nearly all automatic observadons record clicks.

It is therefore necessary to observe atmospherics by ear, if one desires to distinguish between
clicks and grinders. Careful investigations undertaken in this manner at the Sonnblick Observatory
showed, that the causes of clicks and grinders are very different ones: Whereas (it is well Xnown
that) a click is generated mainly by the return stroke in the channel of a lightning discharge, the
grinders originate at quite another phase of the electrifying process of a cloud.

There are two main observational facts concerning the appearance of grinders: (1) As soon as
cumulus clouds are visible, grinders show a regular period, starting at noon, with a maximum dur-
ing afternoon. (2) During times of thunderstorm activity and therefore strong click intensity, grind-
ers often disappear completely,
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As grinders like clicks are representative of the electromagnetic radiation of electric dis-
cha.yes in clouds, it was now necessary to ask for the cause of the suppression of the grinder-
producing process, when the click-producing process begins to work.

Such a behavior is to be understood if there exists in normal cumulus clouds a charge separa-
ting process, which is restricted only to the upper parts of the cloud.

The proof about existence and location of such a process was delivered hy the visual observa-
tion of a series of distant sheet lightning seen from the Sonnblick observatory as well as from the
Solar Altitude Observatory Kanzelh6he. Sheet-lightning was situated precisely in the growing top
of a cumulo-nimbus-cloud, flashing up there with nearly regular intervals of three seconds. In all
of these cases strong grinders could be observed in radio receivers.

About the basic physical processes the following can be said: It is known, that sheet-lightning
is produced by glow-discharges. Because of the reduced pressure in these heights, discharges occur
there at lower fields and therefore with reduced charges. No normal flash can be produced there,

The difference between the strong grinders accompanying sheet lightning, and the weak grinders
observed during the presence of normal cumulus clouds, is only a quantitative one. In the last case
the grinders are produced in the turbulent upper parts of normal cumulus clouds by much weaker
and therefore invisible glow-discharges: they can also be called micro-flashes. The range of the
weak electromagnetic radiation of this kind of discharge may not exceed 20 km,

The mechanism of the separation of charges at these heights of low pressure for the generation
of normal grinders may be of the same kind as proposed for the separation of charges in clouds,
that is, based upon electrification resulting from the freezing of supercooled droplets and the other
connected necessary mechanisms in the turbulent parts of the clouds.

The aforementioned restriction of the electrification processes to the top parts of cumulus
clouds is caused by meteorological circumstances alone, because the greatest turbulence is located
there during the cumulus stage, Only when a cumulus becomes able to extend its inner turbulence
to lower levels, that is with the beginning of the downward air-curr it, then the cloud as a whole
will be included in the electrification process. This signifies the chang. .om the cumulus stage
to the mature stage.

The tep part of the cloud then loses its individuality as an electric generator and remains only
a part of a much greater one. The disappearance of grinders, due to the ceasing of glow-discharges
in very high levels and the appearance of clicks, caused by the newly formed normal flashes in
lower levels, characterizes this stage.

The correct discrimination between clicks and grinders is therefore a means to determine from
moment to moment whether the cloud as a whole or only the top-part of it is acting as a generator
of electricity.




EFFECTS OF RADIOACTIVE DEBRIS FROM NUCLEAR EXPLOSIONS ON THE
ELECTRICAL CONDUCTIVITY OF THE LOWER ATMOSPHERE

D. Lee Harris

U. S. Weather Bureau
Washington, D. C.

Abstract--An increase in the ionization near the ground due to the fall out
from a radioactive cloud formed by a nuclear explosion will increase the con-
ductivity and lower the potential gradient in the lower atmosphere, Records of
atmospheric conductivity and potential gradient from the Tucson Magnetic Ob-
servatory are compared with records of the deposition of atomic debris on the
ground following the Nevada tests. The observed changes are not inconsistent
with values computed from theoretical considerations. Most of the effects are
confined to a very shallow layer, within a few meters of the ground.

It has been suggested on several occasions that the ionization produced by the debris from the
atomic bomb tests in Nevada might produce significant changes in the normal electrical parame-
ters of the lower atmosphere on either a local or world-wide scale. Recently, the Scientific Serv-
ices Division of the Weather Bureau decided to investigate the magnitude of these changes.

The Weather Bureau, in cooperation with the Atomic Energy Commission, has maintained a
network of observation stations to measure the spread of .adioactive debris across the country
after each of the last several atomic test series. An estimate of the debris deposited on the ground
is obtained by exposing one-foot square sheets of gummed paper on a horizontal stand about 30
inches above the ground at a large number of stations scattered throughout the country. These
papers are exposed for a 24-hour period, and are sent to the New York Operations Office of the
Atomic Energy Commission for a count of the radioactivity. In most cases, two or three papers
were exposed simultaneously. In general, the simultaneously exposed papers at any one station
showed good agreement, but differences of an order of magnitude were observed in a few cases.

A description of these observations has been given by U. S, ATOMIC ENERGY COMMISSION [1953],
EISENBUD and HARLEY [1953], and LIST [in press].

The Tucson Magnetic Observatory, at Tucson, Arizona, makes continuc ; measurements of the
positive and negative conductivity as well as the potential gradient. These instruments have been
described in detail by TORRESON [1939] and by WAIT and PARKINSON [1953]. The following brief
description will be sufficient for the present purposes. A schematic diagram of the Observatory,

a flat-roofed structure three meters high, is given in Figure 1. The potential gradient is measured
by 2 radioactivs probe extending outward from one wall at a height of 2.45 m above the ground.
Both positive and negative conductivities are measured by means of modified Gerdien apparatus.
The air is drawn into the instrument through vent pipes on the roof and ic exhausted under the floor
of the building by means of a fan at floor level. According to Torreson, the air is drawn through
the system at a velocily not less than two meters per second.

Fortunately Tucson is in the network +f stations which record the fall out of atomic debris,
and so it is possible to make a reasonably direct comparison of these two sets of records. Although
Tucson is near the Nevada test site, the winds from the proving grounds generally pass north of
Tucson, and only a few cases of significant fall out have occurred. The greatest fall out recorded
at this station was measured from the gummed paper exposed between 11h 30m MST, June 2 and
11h 30m MST, June 3, 1952. In this case, three papers were exposed, and they showed good agree-
ment, indicating a fairly homogenous fall out. A tracing of the records of atmospheric corauctivity
and potential gradient correspondingto this period is giver in Figure 2. The record prior to 21h 00m
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is typical of that recordzd for several days prior
to that time. The record after 24h 00m is typical
of that recorded for the next four or five davs.

The hourly mean values of the potential gra-
dient and conductivity for the period 08h 00m June
1 to 08h 00m June 5 are shown in Figure 3. Sin.s
the calibration factors necessary to reduce these
observations to absolute units over the range of
values observed are not available, the deilections
of the instrumental records from the zero values
are shown in arbitrary units, The smooth lines
drawn on the righi-hand portion of the conductivity
records represent the theoretical conductivity due
to both natural causes and fission products based
on certain assumptions to be discussed below.

There were several thundershuowers at Tucson
on June 2 and the abrupt change in the character of
the record occurred at the end of the last shower.
A study of the upper winds indicates that only 2
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Fig. 3--Record of potential gradient, and positive and negative conductivity,
June 1-6, 1952 at Tucson

thin pertion of the radioactive cloud passed over Tueson at an altitude of about 16,000 ft. The avail-
able data indicate that this debris must have been carried downward by the last shower of the day.

The conductivity app=ars to have been increased about tenfold and the potential gradient when
not affected by the showers, appears to have been decreased by a factor of about six foliowing this
fall out. The observer’s log indicates that he investigated every likely source of instrumantal fail-
ure without learning the cause of the unusual disturbance-in. the record. The record: of both con- >
ductivity and potential gradient were clearly abnormal for four or five days following this {all out.

The conductivity record appears to have been somewhat abnormal for a longer period, but the values
observed were within the range of natural variability.

It is interesting to compare the recorded change in conductivity and potential gradient with theo- .
retical calculations. According to the U. S. ATOMIC ENERGY COMMISSION [1950] the fission prod-
ucts are primarily beta and gamma emitters, The average maximum energy of the beta particles
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3 is 1.3 Mev, but most of the particles have smaller energies so that the over-all mean is about
.4 Mev. The range of a beta particle in air is a littie less than five meters for a particle of 1.3
Mev energy and less than 0.75 meter for 0.4 Mev particles. Since the beta particles are being
continuously deflected by electrons and nuclei of the atoms in the air, they follow very tortuous
paths, andthe effective range in a straight line is very much less than that indicated above. The
average energy of the gamma radiation from fission products is about 3,7 Mev. The gamma rays
do not have a aefinite range, but their intensity decreases abcut an order of magnitude by pissing
through 240 m {788 1) of air. It is assumed that the source is an infinite plane.

o

On the average 33.2 electron-volts wil: be consumed in the production of each ion pair. Thus,
the average beta particle will produce 1.2 X 104 ion pairs, and most of these will be produced
within 50 ceatimeters of the source. The U. 8. ATOMIC ENERGY COMMISSION [1950] gives graphs
relating the contamination at the ground in terms of megacuries per square mile to roentgens of
gamma radiation per hour as a function of height above the ground and the initial energy. By making
the proper conversions it can be shown that one disintegration per minute per square foot will pro-
duce about 2,9 x 1079 lon pairs per cc per second, at an elevation of one meter above the ground.

The fall out observed at Tucson in this case was about 4 X 10° disintegrations per square foot
per minute on the day of fall out. Thus the gamma rays would have produced about 11.5 ion pairs
per cc per second in the lowest few meters, or just a few more than are normally produced by
natural processes. The total ion production due to gamma rays from fission products ang the aver-
age natural production does not exceed the largest values of the natural production which are com-
monly observed near the surface over land. However, the peta particles would have produced ap-

1 proximately 4.8 x 102 ion pairs per minute per square foo:. If these were all produced in the low-
est 50 centimeters above the ground, this would amount ic an average production of 1.7 %103 ion
pairs per cc per second.

The true reiation between ion production and conductivity for these conditions is not known.
However, we can make an esiimate of the relation by consideration of the simple expression for
equilibrium conditions

q:anz-i»ﬁn OO ¢ 4

where q is the number of ion pairs preduced per cc per secord, « is the recombination coefiicient

for small ions, n is the number of smail ions per cc, and 8 is a complex factor which is a function
of the number of large ions and natural condensaticn nuclei present. It is assumed that conductivity
is proportional to n.

The value of beta pertaining to this problem is not known with sufficient accuracy to permi: an
exact evaluation of the effect of the above ionization on the conductivity. However, it may be safely
assumed that conduction will not increase faster than the ionization. For very large values of q,
such as may prevail in the region in which beta particles arz most effective, we may expect con-
ductivity to approach (g ©)0-5, and may be even less than this value because of the ions lost by
vertical diffusion, The ions produced by beta particies canpot effect a every deep layer of the
atmosphere, for their source region is the lowest few centimeters of the atmosphere and as they
diffuse upward there will be an excess above the equilibrium ion density and recombinaticn will be
very rapid. STERGIS [1954] has shown that under such conditions the ion density in the non-equi-
librium system may decrease by an order of magnitude within the first minute away from the source
region and equilibrium conditions will normaliy be reached within five to 15 minutes.

-

The increase in conductivity at Tucson, which cannot be explained by the ions produced by gamma
rays, is probably due .o the diffusion of the ions produced by the beta particies. Since the ion con-
centration decreases rapidly in any particle of air which leaves the soucrce region, it is believed
d that any increase in conductivity due to ions produced by beta particles from atomic debris on the
ground would be greatest during the day when vertical mixing is greatest. However, the highest
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values of condurtivity are found in the early morning hours, when it is uniikely that the vertical
mixing could lift the ions produced near the ground rapidly enough to account for the increased
conductivity.

Since the observatory kas a fiat roof, it is likely that much of the original radicactive material
which fell on the roof remained there, U we assume that the increase in conductivity is due mainly
to the beta particles from radicactivz material on the roof, it becomes easy to account for the re-
corded changes in conductivity, and for the fact that the change in the potential gradient, which ae-
pends largely on the conductivity through a layer of 2.5 m, is less than thet «aich would be expected
from the recorded change in conductivity.

If the above interpretation is correct, the conductivity will bc sharply stratified in the lowest
few meters. At night, when the local turbulence is at a minimum the air sampled by the Gerdien
apparatus will consist largely of air which has been ionized by the beta particles from the debrizs
on the roof of the observatory. During the day, therec will be raore mixing with air which has been
over the roof a shorter ueriod of time, and the conductivity would be expected to drop. The addi-
tion of more condensation nuclei from the ground would also lead ip a decrease in conductivity dur-
ing the day time. It appears that the actual conductivity should be expected {0 conform to the the-
oretical value more closely during the night than during the day. The theoretical curve shown in
Figure 3, was fitted at the time of the first maximum of conductivity. This computaiion is based
on the assumptions that the response of the conductivity recording Insirument is linear; the total
conductivity may be expressed as the sum of an average value due {o natural causes and an additive
term due to lonization by fission products; and conductivity is proportional to icnization. That is
to say, it is assumed that

A=x +A3t'1'2

where 1} is the average conductivity for each 24 hour period just preceeding the fall out; Aﬁ isa
constant determined by the data, and t is measured in hours after the explosion.

In this case it appears that most of the change in conductivity is due to the beta particles whica
originate within a meter or so of the measuring instrument. It is doubHs! i the conductivity or the
electric field would be significantly modified at any great distance from the ground. Some confirma-
tion for th's point of view i: provided by Figure 4, which was furnished by W. D. Parkinson of Ford-
ham University., The coniinuous line represents the ion production at 12 cm above «n ircn plate ex-
posed above a flat roof at Fordham Universily., The circled dots and crosses indicste the conductiv-
ity measured by a Gerdien apparaius about four feet above the roof of 2 six story building at Mt. St.
Vincent College in New York City. Each point represents the average conductivity for a twelve hour
period. 1t is noted ihat the ion production at 12 cm z2bove the plate or Riarch 19 is about ten times
the natural ion production, vet the averzge conductivily is increased by a facior of less than two.

-

The increased ion ;}rcvé&f.:éeﬁ and conductivity on March 19, is due fo a radioactive {ail out from the
atomic bomb detenated on March 17,

The next highest fall out at Tucson was about an order of magnitude less than the one discussed
here, and occurred on April 18, i852. There is no clear-cut evidence that the artificial radioact.vity
due to atomic bombs aifected the electrical records at Tucson on this date or 2t any other time aside
irom the above mentioned case.

The General Electric Research Laboratory maintains a corona discharge current meter at
Schenectady, New York. This instrument has been described by FALCOXER [1949, 1953] and by
Schaefer elsewhere in this volume, The records from this instrument have been compared with the
fall out values observed at the Albany airport a few miles from Scheneciady.

The Albany records she
red between 07h 30m EST
than thatat Tucson. Thedis

and 07h 30m EST Aprii 27, 1953,
currenat dropped sharpls during th

about 40 times greater
and the fai: weather field
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Fig. 4--Record of conductivity and beta ray ionization at New York, N. Y.,
March and April, 1853

remazined about an order of magnitude below normal for several days. However, this instrument

is not 2 satisfactory device for detecting the presence of radioactive debris. The records for all

periogds during which atomic weapons were being tested were examined by Falconer to determine

if there were other periods in which the records of discharge current were similar to those observed

= foliowing April 26. Other periods with similar records were found in which there was little likeli-
hood that bomb debris might be involved. Ir one case, April 1-10, 1952 the period of low discharge
current began a few hours before the bomb was detonated and several days before any artificial
radioactivity was observed at Albany.

Radioactive 311 out of the magnitude of that discussed for Tucson have occurred in some parts
of the United States during each of the last three test series at the Nevada Preving Grounds, but not
following each individual test. Fall out of ten times this value has occurred over some part of the
72 United Siates on several occasions. The largest single measurement of iall out more than 300 mi

from the test site was 40 times as great as that discussed above. It is to be expected that surface

measurements of the atmospheric electrical parameters made within a few days following a fall out
1 of this magnitude will be significantly altered by this artificial radioactivity. No evidence has been
found which would indicate that charzes in the electrical parameters of the magnitude discussed
above will have a mecasurable effect on the weather.
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7 DISCUSSION
CONv *.NING THE PAPERS PRESENTED ON THE MORNING OF MAY 20, 1954
AND RELATED ATMOSPHERIC ELECTRICAL PHENOMENA

J. A. Chalmers presiding

Dr, Chalmers--We will start off with the discussion on the various points on the air-earth cur-
rent that came up in the earlier paris of this morning’s papers. Who will start the ball rolling on
the question of the convection current that was mentioned.

Dr. Swann--It should be pointed out that if one makes measurements by a process in which the
‘collecting disc’ is covered with a shield, then exposed, and then covered again, the charge collected
is a true measure of the conduction current. H the disc is left exposed continually, we get additional
effects due to the convection currents, ard by making both kinds of observations we can separate
the effects.

Dr. Holzer-~The pattern of measurement that we are using, is essentially similar to that sug-
gested by - . Swann. We are measuring simultaneousiy the potential gradient, both polar conduc-
tivities and che air-earth current, not by the shielding method, but by a method similar to that de-
scribed by Dx. Kasemir. Ibelieve a comparison of the direct and indirect measurements should do
essentially what Dr. Swann suggests.

Dr. Chalmers--You are in fact measuring it directly and indirectly.

Dr. Holzer--Yes. The direct measurement is more nearly like the method Dr. Kusemir
described than the C. T. R. Wilson procedure which Dr. Swann described.

Dr, Chalmers-~-Dr. Kasemir, vou had some point on the sunrise effect?

Dr. Kasemir--As a result of 20 days measurement at Aachen, we, like Dr, Holzer have noticed
a sunrise effect. When data from the best fair-weathe~ days are selected with no wind or cloud, and
averaged, we find that the potential gradient begins to increase at the time the Sun ccraes over the
horizon. There is no important corresponding change in conductivity., During the first two hours
after sunrise the gradient doubles in value. These obser—ations suggest a change in columnar re-
sistance or the development of a source of electromrve force.

Dr. Holzer--1t is interesting to note that the difference in longitude hetween Aachen and Cali-
fornia makes the effect more diificult to detect in the latter case. Sunrise at Aachen occurs when
the world-time curve is near a minimum while sunrise in California occurs when the worid-time
curve is rising. Fov this reasca we observe the sunrise effect as a change in slope. A clLange in
columnar resisiance or the development of a source of electromotive force are the possibilities
that must be examined as a physical cause. I think these questions will be decided by experiment.

Dr. Chalmers--Is there any contribution on that point before we pass *c the next?

Dr. Israél--I shculd like to ask Dr. Holzer about the problem of the separation of convection
and conduction current. From my earlier experience I found that my computed values of air-earth
conduction current did not agree with the directly measured value. There were seasonal variations
frown winter te summer and the amplitude of the variatiop of the computed values is greater th n
that for the measured values.
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Dr. Bolzer--Most of our air-earth current values have been based upon the product of measured
potential gradient and measured conductivity, and because we have not gbtained an extensive series
oi direct measurements, I would be reluctant to try to generalize on the data we have.

However, we do hop- this summer (1954) to get enovgh measurements to make a more definilive
statement on tais problem in California ard Hawaii.

Dr. Chalmers--No we have anything mors on the subject ?

Dr, israél--As Dr Holzer spoke this morning of the two effects, world-wide and local, we have
tried to separate tizse efecss by measurements at a single station,

Using the meazureraents at the Jungfraujoch, I tried to separate the two efiects by comparing
the peteniial gradient aud the directly meusured air-earth currsnt. During the summer the diurral
curves of the two parameters differ, whereas in the autumnn the diurnal curves are parallel. The
diiference in the two seasons is caused by the fact that the avstausch L.yer effects the mountain
tops in summer but not in the autumn.

Dr. Holzgr--1 think thut the only differenre that may exist between Professor Isra&l’s position
and mine is & slight differeace in point of vlew. Professor Israél has inferred from three meas-
ursments at a single siation that he has measured the world-wide effect, and I am inclined to believe
that Proiessor Isragl’s inference is correct because of the stability of his coaductivity.

Howcver, I think that the final proof of this must depend upon two station measurements. Be-
cause of the great complexity o1 *his problem. one must first obtain stations at which the local
effects are small or calculable. After one Las obtained two such stations at different longitudes so
that no loral diurnal effecis can he in phase, parallel records from the twc stations are proof that
one is measuring 4 world-wide effect. It is possible that even for the best mouatain stations, pro-
portional air-earth current measurements will be obtained only during the dark hours.

Or. Chaimers--Dr. Byers has a comment on the situation of Dr. Holzer’s stations.

Dr. Byers-~The veglon of Prof. Kolzer’s measurements 5 one of the most ‘quiet’ in the werld,
from a meiesroiogical rlimatological polut uf view. It is in the sinking air of the Pacific anticyclone.
The austzosch or excaaage layer is shallow and uiten iimited by a strong inversion. The mountain
slations are above this layer.

In reply 1o Mrs, Sagalyn, I believe il can be said that there are two exchange layers, one in the
valleys ard one above the mountains; the latter {s created mainly by daytime corvection developed
by the mountains

Mrs, Sagalyn--When we made the measurements in Soathern California in the early part of the
summer with D=, Holzer, we wad= zktout 17 flights between 500 a1d 15,000 ft above the top of Mount
Palomar, which has z2n elevation of approximately 8000 ft above sea level. We also flew over White
Mountain which has an elevation of 14,000 it. The height of the exchange layer was found to vary
between 500 and 5090 fi over the top of Mount Falomar with an average height of 1500 it. The top
of the mountain was not found to be out of the layer durirg the period of measurement.

Dr. Byers--How did that compare with New England?

Mrs. Sagalyn--We have not made measuremems of the exchange layer over Mount Washingtoa.
All our measuremanis have been over flat terrain in New England.

Dr. Heciver--What Professor Byers said is essentially correct, and the effect that Mrs. Sagalyn
mentions is primarily a deytime effect. The offects she described were well suown in the resistance
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curves this morning. I believe that in the winteriime and at night that the exchange layer is below
the tcps of the mountains or is very shallow over mountain tops.

Dr. Byers--I think there are two exchange layers. One, in the valley, does not penetrate to the
mcuntains. e mountains are able to develop an ex_ iange layer of thei: own especially during the
daytime.

Dr. Weickmann--Is this exchange layer always connezted with the top of the haze layer or with
the cumuuus clouds or with any other special condition or is thls just a layer you find in your ion
measuremwents?

Dr. Byers--Mrs. Sagalyn sald yesterday that nearly always an inversion layer is visible from
fiights.

Mrs. Sagalyn--There is not a temperature inversion all the time, but there is always a change
to a more siable temperature lapse rate zt the top of the layer. The top of the layer is most clearly

marked by a rapid change in the electrical properies with altitude.
Dr. Chalmers--Have we finished on that?
Dr. Israél, will you corament on Dr. Hogg’s paper ?

Dr. Israél--1If I understood Dr. Hogg correctly his constant, a, is related to the potential of the
equalizing layer. We attempted to find a relation between the potential gradient at the ground and
the sunspot index used by Dr. Bauer some deczdes ago. Does the value of a correlate with sunspot
numbers ?

Dr. Hogg- -There was no consistent correlation found between sunspot numbers and the values
of a.

Dr. Chalmers--Dr. Tamura has a comment ou Dr. Kasemir’s paper.

Dr. Tamura~-My question is a theoretical one. According to Maxwell’s equations if the eleciric
tield varies with time and conductivity of the air is not uniform, then the magnetic field varies with
time. I think this magn-=tic field variation will be large. Can we leave this magnetic field out of
consideration?

Dr. Kasemir--I do not understand that exactly, but the current is so small I do not believe that
the magnetic field would be important.

Dr, Chalmers--Dr. Schilling, you had some remark on Dr. Kasemir’s paper ?

Dr. Schilling--I kad a very straight forward question. Did you have the opportunity to compare
the measured air-earth current density with computed values?

Dr. Kasemir--We have not had the opportunity, We have measured the potential gradient and
the air-earth current. The agreement is so good that it appeay s a3 if one measurement controls
the other measurement. Therefore, I belleve the measurement of air-earth current is co: rect.

Dr. Schilling--I concede at the moment this inference--but this is not the case in our complete
measurements, including conductivity.

Dr. Chalmers-~Any other comment on Dr. Kasemir’s paper?
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Dr. Swann--If I understand this method correctly, the principle involved in this discussion can
be illustrated simply, as follows. We observe that the magnetic field of the Earth varies in one way
and the electric field of the Earth varies in another, We say that a changing electric field produces
a magnetic field, and a changing magnetic field produces an electric field; and if we work matters
out, we find a relation between the time variations of the electric and magnetic field.

We say, ‘This is fine.” Perhaps we have a theory of one change in terms of the other. Then
we start to work out the order of magnitude and find that the change of the electric field due to the
change of the Earth’s magnetic field is enormously too small and the change of the magnetic field
due to changes of the electric field is enormously tco small.

Why were we deceived in this matter? The fact is that because if two variables are related
in a simple fashion, qualitatively, they are not necessarily related by direct cause and effect. In
the present case, the relation of the electric and magnetic fields goes back in large part to their
common relation to the atmospheric tides.

Dr, Chalmers--We now have three questions related to one another, also relating to Mr. Rut-

A
tenberg’s measurements at sea.

Dr. Gish~-The thing that impressed me about your records was the rapid variation in potential
gradient and, to a lesser extent, in conductivity. In the first place, I presume that the time constant
of your potential gradient collector was rather small.

Mr. Ruttenbefg--Yes.

Dr. Gish--One could account for the contrast between what we found on the Carnege and your
records, by the fact that we had a time constant of a minute. What was the time constant for your
conductivity instrument ?

Mr. Ruttenberg--The time constant of the conductivity instruments is small, the order of a few
milliseconds, but the time constant of the recorder pen is of the order of a few seconds. We believe
the noise exhibited in the records is real and constitutes small variations in the parameters.

Dr. Gish--I am very much surrrised at the type of record for conductivity. I do not kaow how
you could account for it, especially at sea. During thunderstorms on land, occasionally we could
get things of that sort, but at sea we never saw anything like that.

Dr. Holzer--During the night on mountains, we have obtained very much smoother records than
over the seas. I Jdo not think it is an instrumental question. I think it is a true nolse because under
favorable conditions, the same devices used at sea will give smooth records.

Dr. Schaefer--This is the same type of effect we obtain with our radioactive probe. At times
it will have this same kind of ncise, other times it will be absolutely smooth with similar amounts
of wind, I agr~e with you, it is not instrumental. It is a real efiect rela._2d to a phenomenon in the
atmosphere which we need to know much mcre about.

Dr. Byers--I just wanted to ask if this was in any way related to the speed of the ship? Was it
due fo the effect of the Low of the ship in creating something that was coming up from the sea? It
was a pratty small boat doing 11 knots.

Mr Ruttenherg--The picture I showed of the one quiet day is about as glassy a sea you will
ever {ind in the Pacific. I Lziieve cn *hat day we had a minimum of contamination coming over the
rail. With the mini.num of spray, we got just exactly the same kind of noise we got on days with
winds of 10. 15 krots, with scme whitecaps, and considerable swell.

i
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Dr. Chapman--In further confirmation, I can say that with my radioactive p. ¢ and with gener-
ating voltmeters, which are different kinds of instruments, we too find this noise on quiet days. It
is not instrumental. There are also times when the records are perfectly smooth.

Dr. Parkinson--I have noticed on conductivity traces made at Watheroo, using a quadrant elec-
trometer, that during calm weather quite large ‘noise’ of period one to several minutes. They
appear {0 be due to inhomogeniety in th2 air that can persist in calm weather.

Dr. Gish--Did you not mean it the other way, the windy days the curve is more disturbed than
on quiet days?

Dr. Parkinson--I very oiien find large fluctuations on calm nights,

Dr, Holzer--We have made a very large number of measurements now on mountain tops in
California and on the Hawaiian Islands, and we have found a very ¢ ystematic variation of nolse on
mountain tops, especially in potential gradient records.

Beginning in the morning, the amplitudec of the noise increases reaching a maximum at mid-day
and diminishing toward night.

Dr. Wormell--I should like to confirm the existence of the effect; if one uses a high-speed meth-
od of recording the potential gradient, and if the sensitivity is sufiiciently high, noise is present on
the record with an appreciable energy down to frequencies of one cycle per second or even several
per second.

The amplitude is extremely variable and tends to be greater on a windy day than on a quiet dry,
but the amplitude of the noise may suddenly increase to a much r.ore disturbed condition, without
obvious reason. If one is trying, for example, to record the effect of field-changes due to distant
lightning discharges, say 200 km away, the limit for the sensitivity that one can use is just this
noise on the record.

Dr. Swann--One must realize that near the surface of the Eazth there is a tendency to build up
an excess of positive ions (the electorde effect). The turbulence near the surface of the Farth is
constantly tending to destroy this space change by mixing. The flactuations ir conductivity and
gradient are probably associated with this turbulent process.

Dr. Chalmers--If I may add something myself, we found that the potential gradient variations
are very much reduced when inversicn conditions which stop this turbulence exist.

Dr. Norinder--I think that in studying this problem one should make measuremerts of the po-
tential gradient at two stations a few hundred meters apart and compare the records. In this way
one can study the movement of changes in the atmosphere,

Dr. Chalmers--That is what we did do.

Dr. Norinder--What distance ?

Dr. Chalmers--100 meters.

Dr. Norinder--And did you find that?

Dr. Chalmers--We found that the effects were moving with the wind.

Dr. Schilling--We have performed the experiments which Dr. Norinder asks for. We have )
established networks with as many as four potential gradient instruments. We obtained results
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similar to those of Dr. Chalmers. Some disturbances travel with the wind within the first few meters
of the surface. Others are higher as we I ve found by placing some instruments on the ground and
som - on the tops of buildings and observing the passage of the same disturbance over successive in-
struments,

Dr. Chalmers--We found the same disturbance passing over a sqrare-shaped building, with
one instrument on one side and one on the other. If it was the ground wind, the buiiding would have
disturbed it.

Dr. Gish--We have made various tests at times to determine what factors affect what we call
t* . reduction factor. On one occasion, we put a potential gradient instrument on a tower some 12
or 15 ft high, at the same time gradient measurements were made at the observatory a hundred
yards away. The agitation of the potential gradient would start in the morning rather abruptly, and
stop rather sharply in the evening at the observatory.

On the tower, however, the effect was not so conspicuous. I have always assumed that what we
had was a gentle disturbance of the sand layer which produced enough charge o cause that agitation.
I think that the variations of the conductivity were not adequate to account for it.

Dr. Swa..n--There is one matter on the standardization of potential gradient measurements
which I put down many years ago when I was in charge of the earlier work of the Carnegie Institution.
I make reference to a plan for obtaining a stable platforri (for standardization experiments) at sea.
The apparatus is something like a hydrometer. A platform is joined by a rod to the large body float-
ing under the surface. The submerged body is below tte region of disturbance and the rod is thin,
consequently the platform is not a{¢2cted by the surface motion of the water. .

Also I wish to make a remark about radioactive coliectors. It is to be observed that the usual
statement to the effect that the ‘collector assumes the potential of its surroundings’ is misleading.
The true operation is as follows. Any rod erected in an electric field acquires a distribution of
charge. What the collector does is to reduce the field and so the charge density at the collector to
zero. The potentiai to which the system arises in order to accomplish this is proportioual to te
‘field’ in which the apparatus is erected.

Dr. Chapman--What Dr. Swann has said is enlightening, and correct for a radioactive probe
drawing 10 curre.: whetheror not the electrode is served either manually or automatically to a
potential which, as Dr. Swann says, reduces the field at the collector to zero. A corona point,
radioactive or not, works in quite a different fashion. In this case, dependingon the height of the
point and the amount of radioactivity, the corona current of the order uf 0.003 to 30 microamperes
is 2 measure of the field in which the point has been placed, and perhaps of other things.

Dr. Chalmer -Is there any further discussion on these various pavers? I think we will now
come to the three separate sections of Dr. Fuchs’ papers.

Mr. Smallman--I wished to ask if all whistlers were always of a descending frequency.

Dr. Fuchs--Yes, always decreasing.

Dr. Wormell-- Clicks’ observed by Dr. Fuchs are indications of lightning discharges to karth;
‘grinders’ are presumably from cloud discharges not, I think, glow discharges. There is strong
evidence that ‘whistlers’ also arise originally from lightning. They are often preceded by ‘clicks’
[see a recent paper by Storey in Phil. Trans. R. Soc., 1953]. I suggest that correlations of ‘whist-
lers’ with other meteorological parameters are primarily correlz.ions of thunderstorm activity
with other parameters.
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Dr. Fuchs--If the whistlers are in any way connected with lightning discharges, it is naturally
possible that if flashes generate clicks (produced in the channel) and whi*lers (pruduced by the
tail) at the same time, both are heard if both have nearly the same amplitude. This will be the case
if the distance of the thunderstorm is not too great.

Due to attenuation of signals from distant flashes and due te the short duration of the click, it
may not be heard, whereas the whistle, due to its longer duration, may have an int:grated effect on
the ear and may be heard, even without an amplifier ia a long wire.

I remember that I observed some whistlers preceded by a click at Sonnblick Cbservatory.
But due to the small number of these cases, I was not led to think about pc:sible connections. I
believe now that these cases belong to flashes of medium distance. Therefore, I agree with Dr.
Wormell.

Dr. Norinder--In studying the problem of whistlers and atmocpherics, I :ecommend setting
up of two or three stations at c >nvenient distances of separation to make :+ multaneous records of
the electromagnetic variations, as for example the electric field components produced by the light-
ning strokes. Such simultaneous records have been obtained at two stations in Sweden separated by
a distance of 570 km, Simultaneous records have been taken from lightning strokes occurring
either in Sweden or in other parts of Europe. Theoretical calculations must be considered only as
a guide. The real variations of the atmospherics themselves are too complicated to be fully explained
by theory at present [see Norinder, The waveform of the electric 1:eld in atmospherics recorded by
two distant stations, Ar«iv for Geofysik, Kungl. Verenskaprakademien, Stockholm, 1954].

Mr. Reynolds--T wish to mention that Dr. Newman has proposed a sferics network which will
include stations at our Institute in Socorro, his Institute in Minneapolis, and at the University of
Florida. We hope to make the measurements suggested.

There :s another suggestion about whistlers. Dr. Newman has suggested to me that they may
be due to variations in whe velocity of the leader stroke. There are marked variations in the dis-
charges from negative charge centers to ground, possibly enough to account for the whistler.

Dr. Holzer--I was very much interested in Dr. Fuchs history of the work on whistlers in Austria.
1 intrnded in the morning paper to report very briefly on some correlations which we have obtained
within the past few months. Mr. Oliver Deal who is working in my laboratory bas been measuring
natural electromagnetic signals in the frequency range between approximately 50 and 100 cycles per
second.

During March, Mr. Deal measured the mean intensity of electromagnetic fluctuations and found
that the mean electric vector is of the order of 10~4 volts/meter. He also found that there was a
mean diurnal variation over a period of 16 days which rather closely paralleled the potential gra-
dient measurements at sea. The principal maxima in the diurnal curves occurred at 16h and 20h
GCT which was very close to the time of the principal maxima of the potential gradient at sea.

We are very well aware of the danger of drawing generalizations from 16 days of measurement,
aad I am not presenting this as final proof of a correlation between these observations and the gra-
dient However, Mr. Deal, in collaboration v 1 Dr. Liebermann of the Scripps Institution of Ocean-
sgraphy has shown these electromagnetic variations are, in large part, due to sferics, and prelimi-
nary calculation has indicated that these low frequency signals could arrive from Africa and South
America with integrated intensities proportional to total thunderstorm activity if the _ttenuation
were sufficiently low. The possibility that such measurements might ultimately prov.de an index
of world thunderstorm activity makes further study in this direction important.

1 would be particularly interested in comments by Mr. Maple who is here from the Naval Ord-
nance Laboratory and who has been working in this field for some time. I believe he presented
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some information to the American Geophysical Union in the early part of this month, and I would
like to know whether he has any further evidence on this problem.

Mr. Maple--COur measurements agree with those reported by Dr. Holzer in that the magnetic
fluctuations at these frequencies around 100 cps : re connected with sferics. We, however, obtain
a maximuin at local midnight at these frequencies, although this night maximum is much less pro-
nounced at 100 cps *'.an at the higher frequencies. Simultaneous measurements in Florida and
Alaska indicate that the attenuation with distance is considerably less at 100 cps than at higher
frequencies. What was the local time of your maxima?

‘e

Dr. Holzer--The maxima at 16h and 20h GCT correspond to 08h and 1Zh local time, respec-
tively.

Dr. Wormell--The ‘slow tail’ of an atmospheric wave form with predominant frequencies of
the order of a few hundred cycles per second is propagated with very low attenuation and at dis-
tances of several thousand kilumeters frequently exceeds in amplitude the higher frequency por-
tion in the earlier part of the wave form.

AR
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Dr. Chalmers--Any other points on the first two sections of Dr. Fuchs’ papers on whistlers
and grinders? Now we will come to the second section of Dr. Fuchs’ paper, measurements in
storms. Dr. Chapms -, you have something on that?
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Dr. Chapman--Electrical effects generally are observed at the ground by both generating
voltmeters and corona points when substantial precipitation processes are occurring in the cloud,
wnether or not rain is observed at the station. On occasions, however, very light precipitation or
drizzle can occur at the station without electrical effects.

Dr. Chalmers--We now come to Dr. Norinder’s paper.

Dr. Weickmann--I would like to make one ccmment. I am a little afraid you are not measuring

&3’ only the charge of friction of snow against snow, but other charges.

;{3 Dr. Norinder--We have done some experiments in which we coated the tube with ice. When
:; snow was blown against the snow block, we obtained considerable charge on the snow block.

};

Mr. Cotton--We have observed the same thing.

Dr. Wormell--It is really the same question, but I have also wondered how conclusively we
know that blowing snow proauaces charges by the collision of the snow flakes with one another.
Does Dr. Norinder consider that *“is coating the tube with ice shows conclusively that snow ir th.
{ree air can be ~harged by collision and that the solid ground is irrelevant.

Dr. Norinder--In 1920, I performed an experiment in which snow froem two tubes was blown
together. A tremendous charge was generated in this way, but I was afraid to publish the data be-
cause I was not sure about the intricate affair.

Dr. Chalmers--In my original announcement about today’s program, I mentioned that there
would be a short discussion of the MKS system. With your permission, I would like to introduce s
the subject.

The first point I would like to make is the MK3 system has been officially recognized as the
right system to use, and those who don’t use it are going against the officially recognized system.
Apart from that, atmospheric electricity i5 one br.nch of physics in which the MKS system is :
particularly appropriate, as we have both electrostatic and current electricity formulas. As an
example, the apparent curren: due to induced charge change may te calculated by both the MKS
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System and the older methods for a field change of 200V /m in one second. The MKS System re-
quires just the memory of €, while four separate acts of memory are required for the older system.
I think this is a very good argument for the MKS systems. What are your opinions?

Dr. Holzer--We have been using MKS units for about a year. I think the strong arguments in
any choice of units hinge on convenience and interrational agreement. In view of the international
agreement, I think we should follow the practice of using the MKS system. The MKS system is
certainly more convenient than the mixed systems used by some workers in the field.

Dr. Norinder--In Sweden we adopted the MKS system in the technical universities two years
ago, and it has worked out very well. Now it is used in universities and also in technical schools.
All text books now published employ the MKS system.

Dr. Chalmers--Any objections?

Dr. Parkinson--I think everysne uses volts per meter rather than electrostatic units per meter,
but that is the only place I can see in atmospheric electricity where it is necessary to depart from
the electrostatic system. The reason is that this is the only place where atmospheric electrical
measurements touch the field of magnetism at all. Using the electrostatic system, of course, has
a disadvantage, in speaking to other physicists working with the MKS system. Also there may be
some confusion in units which is a very strong argument, but I think this is one field where the
electrostatic system is ideal to use.

Dr. Chapman--The choice of system of units is largely a matter of convenience. Everyone has
his own opinion. I have used the MKS system for about ten years, and I have found it the simpiest
to use. One point is worth noting, a matter of the ease of converting equations written in the MKS
system to equations in the Gaussian or electrostatic systems. I hupe this group will agree that the
MKS system has advantages.

Dr. Fuchs--I should like to call your attention to the fact that in 1950 the MKS system became
the legal system in Austria. I served as a member of the committee to study the law. For four
years the advantages and disadvantages of the system were discussed. No significant disadvantages
could be found and the law was passed.

Dr. Chalmers--We ncw come to Dr. Nolan’s papers.

Dr. Pluvinage--Does Dr. Nolan think that the assumption of condensation nuclei being made of
dielectric sabstance is reasonble? I so, this would introduce a new parameter, the diclectric
constant, in Bricard’s theory. Then the agreement with the experimert could be restored. I add
that the relation of Boltzmann's law with Bricard’s theory ought to be made clear.

Dr. Nolan--It is possible that Bricard’s numbers would be improved by bringing in the dielectric
constant of the water rather than treating water as a conductor.

Mrs. Sagalyn--There is a question about the calibration of the photoelectric nucleus counter.
What is the accuracy?

Dr. Nolan--I consider it very low, 15 to 25 pct, but the measurement of the concentration ratio
is much more accurate. The determinations of Z /N, and of I* {the diffusion coefficient) depend on
the ratio and are reliable. The determination of the coagulation coefficient, however, depends on
the absolute calibration.

The absolut2 accuracy of the photo-electric counter is not as high as the absolute calibration
depends on the Zitken counter. For relative measurements such as Z/Ng and Zy/Z the accuracy
is much higher.




The multiple charges on nuclei are inferred from the relation between Z /N, and the radius.
Direct measurements indicate that the ordinary atmospheric ions carry between one and two elec-
tronic charges per ion. P

Dr. Schilling--Was it possible from your experiments to determine whether or not atmospheric
nuclei were multiply charged? To be more specific, could you infer under what conditions atmos-
pheric nuclei possess a double charge?

Dr. Nolan--The experimental Z /N, radius curve departs from the theoretical single-charge ¥
Whipple-Harper relation at about 4 X 10-6 cm radius. This departure is interpreted as evidence
of double charging. Under equilibrium conditions, multiple charging depends on the radius of the
nucleus.

Radii for 2-, 3-, 4-, 5-fold charging using the Boltzmann distribution law are given in the paper.

Mr. Barklie--Possibly out of balance positive or negative space charge might be associated

with multiple changing.

Dr. Hogg--Determination of the average charge on large ions by parallel observations with a
nucleus couner for charged nuclei and with an ion counter for large ions showed that on the average
the large ions carried unit charge except for quite low concentrations of ions when multiple charges
were cbserved.

Mr. Barklie--I have 2 simple and direct question which may help Dr. Nolan. Does Dr. Nolan
thin.. it is worth while to use the Nolan type nucleus counter at a series of different over-pressures;
and if so did you calibrate in this way?

Dr. Nolan--We dJid zalibrate at four over-pressures.
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THEORIES OF THUNDERSTORM ELECTRIFICATION--SOME GENERAL CONSIDERATIONS
T. W. Wormell

Cavendish Laboratory
University of Cambridge, Cambridge, England

Abstract--The paper will consider certain conditions which a successful theory of
charge generation in thunderclouds must satisfy and will then attempt briefly to assess
the adequacy of various processes which have been suggested. The importance of elec-
trical ‘influence’ mechanisms will be emphasized, not merely in terms of the original
Wilson theory, but more particularly with regard to their effects in modifying or limiting
the results of other mechanisms.
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Introduction--Progress towards an acceptable theory of thunderstorm electrification has been
disappointingly slow over the past twenty years or more. There was a period when the choice
seemed to lie between two possibilities, namely, first, a charging of the larger precipitation parti-
cles by some form of ‘influence’ mechanism which acts in such a manner that the vertical separa-
tion, by fall under gravity, of the larger and smaller particles causes an intensification of any pre-
existing electric field; the sign of the field thus built up would depend entirely on the sign of the
electric field initially present. Theories of this type derive from ELSTER and GEITEL [1913]; the
picture was considerably modified and made more acceptable in the form of a selective capture of
ions of one sign by the larger particles, by WILSON [1929]. The alternative picture postulated the
existence of a vigorous process of separation of charges in the developing thunderstorm which was
spontaneous in the sense that it did not depend on the initial existence of a large-scale electric
field. Simpson [SIMPSON and SCRASE, 1937] has advocated the view that, at different levels in
the cloud, the important processes are the violent rupture of water drops and the friction, or frac-
ture in violent collisions, of ice crystals.

Of recent years various other possibilities have been discussed and, in particular, following
the pioneer work of FINDEISEN [1940, 1943], the electrical effects associated with the release of
small ice splinters during the growth of ice particles, especially by the process of riming, have
beer discussed in some detail.

We are still very far however from a position where it has been demonstrated that any kaown
single process can produce, qualitatively and quantitatively, the charge distribution which is known
to occur in a cumulo-nimbus cloud. On the other hand there are several processes which we do
not know can be completely neglected. It remains a possibility, of course, that several independent
mechanisms play a significant role but it seems somewhat unlikely that the electrical effects which
appear in so much greater intensity in cumulo-nimbus than in frontal rain are to be ascribed to
several independent processes of nearly equal importance.

Conditions to be satisfied--A satisfactory theory of thunderstorm electrification must fit,
meteorologically, into the scale in time and space of a cumulo-nimbus cell. The active stage, dur-
ing which the really violent electrical effects first appear, is comparailvely short, ot the order
say of 30 minutes, but is normally preceded by a longer-lived and comparatively quiescent cumulus
stage, and it is perhaps unsafe to assume that no important electrical changes occur during tiis
period.

The typical thundercloud extends far beyond the freezing level and contains much ice in its
higher levels, and it is usually considered reasonable to examine mechanisms for which the pres-
L ence of ice :s essential. It is a point of much interest and importance, therefore, to know the na-
A5 ture and intensity.of the electrical effects associated with showers from warm clouds, which are
Y known to contain no ice, and in particular whether lightning can ever occur under suchcircumstances.
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Certain investigations by SMITH [1951] suggest that the occurrence of fairly heavy rain without pre
nounced electrical effecis affords a method of identifying occasions of rain from ‘non-freezing’
clouds, which is an uncommon phenomenon in England.

While the electrical structure of a thundercloud, when examined in detail at close quarters
may present an appearance of overwhelming complexity {GUNN, .950}], methods of observation
which smooth out the local irregularities have disclosed a systematic and in some ways remarkably
simple behavior. Thus, for example, a record of the electric field, and the field-changes due to
lightning discharges, taken at say 20 km from the storm, will not infrequently show a series of 3
nearly equal field-changes, at regular intervals of the order of perhaps 10 to 15 sec, the whole
record suggesting something of the nature of a relaxation oscillator. The electric moment of the
charge distribution destroyed by a typical lightning discharge (that is, 2qgh where q is the charge
neutralized or removed to Earth by the flash and h is the difference in the mean heights of the two
charges neutralized in a cloud discharge or the height of the single charge removed to Earth) is
of the order of 100 coulomb km. The initial rate of recovery of the electric moment after a dis-
charge is on the average about 1/7 sec'l; this appears to demand the presence in the electrically
active volume of the thunderstorm cell of positive and negative charges of the order of 1000 cou-
lombs; those of one sign (actually the negative sign) being carried on precipitation particles while
the opposite charge is carried ir the same volume by particles whose velocity of fall under gravity
is much smaller [WORMELL, 1953]. :

Statistical studies of field-change records [WORMELL, 1953] and observations with sounding
balloons [SIMPSON znd SCRASE, 1937; SIMPSON and ROBINSON, 1941} have established that the
main electrical structure of a thundercloud is bipolar and normally of positive polarity, that is, the
mean height of the main positive charge exceeds that of the negative charge. The Kew observations
also showed that not infrequently there is also a smaller positive charg~ low down and near the base
of an activa thundercloud. Simpson and Robinson summed up their obsesvations by stating that 2
typical structure consisted of an upper churge of +24 coulombs centered at a level where the tem-
perature is about -30°C, a ncgative charge of -20 coulombs centered at about -8°C and a lower
positive charge of +4 coulombs centered near the 0°C level or at rather higher iemperatures.
Rather similar results have been found by KUETTNER [1950] in observations on the Zugspitze;
he claimed that on the avzrage the lower positive charge was centered exactly at 6°C.

Our knowledge is still very incomplete concerning the detailed manner in whi.h the electrical
structure varies during the life-cycle of a cumulo-nimbus cell. Again, while it seems to be well
established that the main structure of the great majority of clouds is one of positive polarity, can
we say with certainty that storms of the reverse polarity never occur? The sequence of phenomena
observed at a single observing station does occasionally suggest a cloud of negative polarity but
such observations are of course inconclusive.

The problem of the main charges--The small and very localized lower pesitive charge will not
be discussed in any detaii; it may well be a secondary phenomenon.

When we turn to the main bipolar structure it is clear that, as far as any theory of a frictional
type is concerned, data are lacking for any sort of quantitative chack even if it be shown that, qual-
itatively, charges of the correct sign can be produced. Let us consider for a moment the influence
theory. The simple picture, as painted by WILSON [1929], has to face two main difficulties; first,
the process appears too slow unless additional sources of ionization appear at some stage in the -
development of the field, secondly, the selective capture of ions of one sign by precipitation elements

ceases when the field becomes so strong that the velocity of ions in the field exceeds the rate of fall
Ef of the precipitation rarticles. In the case of small ions the critical field is thus of the order of a
a.’-“' few hundred volts per centimeter. For the development, by this mechanism, of fields sufficiently
b5y intense for the occurrence of lightning a plentiful supply of large ions, but very few small ions, >

would seem to be a necessity in the later stages, while eariler, in order that the selective charging
may proceed at a reasonable rate, small ions would seem io be a necessity. It is not easy to see in
detail how these conditions can e met. This is not to say, however, that the process can be forgotten
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altogether; it will always be at ~ <k modifying the charges on the particles, modifying the effects

of other possible processes and possibly pi1 oducing secondary charge distributions as a result of
the field due to the primary process, whatever that may be.

Consider, for a moment, the eiffects of the process. The equations have receatly been sum-
marized by WORMELL [1853]. We may, however, state them in a slightly different way, in language
familiar in cloud physics by ¢ ing the collection efficiencies of a precipitatior particle for ions
under different conditions. It 1s necessary first to specify precisely what we mean by this term;

. in an electrical field the ions may be moving with velocities comparable with that of the falling pre-
cipitation particle. I propose to define two quantities for a spherical precipitation particle of radius
a in a large scale vertical eirctric fiela X. The ‘collection efficiency’ E for ions will be defined as
the ratio of the number of ions captured by %he particle per second to the number which cross, in
one secord, a horizontal surface of area ma“ which is moving downwards with a velocity V equal to
the fall velocity of the particle. From another point of view we should be more interested in what
may be cailed the ‘electrical efficiency’ E’ defined as the ratio of the number of ions caught per
second by the particle to the number crossing, per second, a stationary ho-izontal area 7a2 which
is remote from the particle; alternatively, the electrical efficiency is simply the ratio of the rate
of increase of the charge ¢ the particle to the vertical current through an area ¥a2. Values of
these two quantities, which may of course be deduced at once from the equations of WHIPPLE and
CHALMERS [1944]}, are given for a few particular cases in Table 1.

Table 1--Collection efficiencies E and electrical efficiencies E’ for capture of ions by spherical
conducting particles of radius a and velocity of fall V; Q is the charge on the particle,
w ionic mobility, X vertical electric field (assumed directed downwards);
E and E’ are defined in the text

Case |  Condition | Ion charge | E | E’
I Q positive Negative wQ ®
a2y
X zero Positive 0
. 3
I Q zero Negative _— 3
& 1+V/wX
Positive: V>wX 0 3
Positive: V<wX 3 3 N
1-vV/wX i;a
2 b
I -3xa2<Q<+3Xa2 Negative 31+ Q/3%a%)” 4y, o axa2y? £
1+ VX 1%
Positive: V>wX, Q>0 0 0 g
2 P
Q<o 2Ql/xa® 41Ql/Xa? S
V/wX - 1
3(1 - Q/3Xa2)’ 2 ;
- V<wX - _ 2 3
- V/wX 3(1- Q/3Xa%) :_:::
-

The equations to which the formulas of Table 1 are equivalen* were deduced ir the first place
" for the case of viscou- flow around the particle the motion of the ica relative to the air being at
each pont simply the product of the ionic mobility and the local field which itself is the vector re-
sultant of the large-scale vertical field X and the fieid due to the charge and the polarization uf the
particie. They neglect the small effect due to the influence of the ionic charge on the polarization
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of the p. licle when the {on is very close to the particle’s surface. The egualions are prubably
reasonabkle approximations when tite particle is as large as a raindrop or graupel pellet.

The essential feature of these results is that, if the large~-scale field is directed downwards, y
and if the fall velocity of the particle V>wX, where w = {onic mobility and X = vertical field, an
uncharged particle captures only negative ions and its final equilibrium chars. .s negative. This
equilibrium charge is independent of the number of positive ions in :he space surrounaing the par-
ticle which may be much more numerous than the negative ions. On the other hand, if V<wX, the
sign of the equilibrium charge depends on the relative numbers of positive and negative ions. If \
any process is giving negative charge to th e particles, and there exists a downward vertical field ‘
X (which may have been largely produced by the fall of the negative particles), ther, within certain
limits, the negative charge on the particles is stable; it is not neutralized by the corresponding
positive charge which may be present in the form of ions in the space surrounding the part.cles.

in a cumulo-nimbus cloud the r¢le of the ‘ions’ may be played by charged small cloud particles
or ice-splinters. There are now two complications; these ‘ions’ possess inertia and secondly they
are of finite size and are themselves polarizad in the electric field and the force between them and
the larger particles thereby modified. Both these effacts alter the collection efficiencies and their
computation becomes very complicated. PAUTHENIER and COCHET [1953] have published calcula-
tions for some particular cases and have shown, in particular, that the collection efficiency of a
charged water drop for clcud particles, even vhen the latter are uncharged, is greatly enbanced by
the electrical forces for certain ranges of size. Such effects may be important when the consider-
ing the growth of precipitation particles as well as when the main interest lies with electrical
effects.

In order to clarify the print which it is desired to make let us consider a particular process,
the growth of a pellet of ice by riming, that is, by the collision with and capture cf supercooled
water droplets. Various writers, for example KUETTNER [1850], have urged the importance of
this process in the physics and electrification of thunderstorins; MASON {1953] has attempted to
develop a quantitative picture. There is an immediate and initial difficulty in that the results of
various laboratory investigations of this process are inconclusive and centradictory. It is clear
that it is very difficult to avoid spurious effects and the results may be very sensitive to small
changes in physical conditions and to traces of impurity. Let us assume in the first place that
riming in itself gives no charge to the growing ice pellet. If, however, there exists a vertical
electric field (which for defhiiteness will be assumed to ke directed downwards) the situation is
profoundly changed; the ice pellet is poiarized, its lower part carrying a positive polarization
charge. When supercooled water droplets strike the lower surface of .he ice particie, and freeze
on if, some of the water may escape, in some conditions as liquid water, in cther conditions as
small ice spliuters. If this escape occurs at the lower surface of the sce pellet, then by simple
clectrostatics the escaping fragments will be positively charged and the ice pellet will be left with
a net negative charge. Subsequent separation under gravity of growing ice particles and ““ragments’
will erhance the vertical field with which we started. This is, of course, simply a slightly modified
version of the ELSTER. and GEITEL [1913] theory. If must also be pointed out that if under certain
conditions the ice particle acquires a surface skin of water and sheds water, as it falls, mainly
from its upper surface, the charging is in the reverse direction and the final effect is to destroy,
in this region of the cjoud the vertical field with * hich we started.

Let us now suppose that riming in itseli, (that is, in theabsence of an external field) does give ,
a charge to the growing particle. If an external field is present, then the spontaneous charging
effect will be simply sunerposed on the electrastatic effects which hava besn discussad. These may
profoundly modify anc even conceivable 1everse the sign of the charging ohserved ia the absence of
a field. Both FINDEISEN [1940]} and LUEDER [1951ab clau- *d to have observed the controlling
etfect of an electric field during riming,. y

A further point must be considered. 1f grzapel pell..s are growing and becoming negatively
charged, then an equal positive charge must be a;earinug in the air around them, this charge being

rd

. ¥ ”“s"f AR, ,""i’:‘—h‘_‘p(’v_,:;i St T WL S W -‘-( SR S N ) .. A
o e T e D e e S I S e i Tl s
e A L T T T T o o Y




161

carried either «. cloud particles, on ice splinters or remaining as free positive ions. In the pres-
ence of a downwaid-directed field ..ny positive ions would be rapidly attached to cloud particles if
such .re present with fall velocities less than the velocity with which the ions are being driven
adownward by thc field. If no particles are present with such small velccitics of fall the ions will
remain free. Fresh graupel particies which fall into this region are thus falling through a cloud
m.any ot the particles of which are positively charged. In the absence of an external field any neg-
ative charge on the larger particles would to a large dezree be rapidly lost by the capture of pns-
itively charged cloud particles. In the presence of a vertical field, however, the Wilson selective
capture process prevenis this and perinits the graupel pellets to acquire and to retain a definite
negative charge,

Similar considerations will apply in discussing any other charging process in the thundercloud.
In attemptmg to estimate from the results of laboratory experiments the large-scale effects to be
anticipated in a cloud, it is essential to take into consideration the effects of the polarization charges
on the particles and the effects of the field in promoting selective capture of ions of one sign. Neg-
lect of these will lead to results which are almost meaningless. The actual carrying through in
detail of such a calculeticn is a maiter of great complexity and demands numerous assumptions or
an extremely detailed knowladge of the number and nature of the various particles and ions present
in the cloud.
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THUNDERSTOMM CHARGE STRUCTURE AND SUGGESTED
ELECTRIFICATION MECHANISMS A4

S. E. Reynolds

Research and Development Division
New Mexico Institute of Mining and Technology 3
Campus Station, Socorro, New Mexico

Abstract--The Workman-Holzer technique for determining the sign, magritude, and
location of charge centers in thunderstorms has been improved and applied to swormsoc-
curring in New Mexico during the summer of 1652. The technique and the resuits obtained
are described. The study revealed that the temperature of the environment of the negative
charge centers may vary from about 0°C to about -33°C and that the corresponding posi-
tive Charge center is u vally found about 2000 {t above the negative center. The probable
charge separation mechaniswms are discussed in the light of the charge configuration and
the physical environment deduced from this study. Laboratory experiments which demon-
stratedcharge separation mechanisms which con be effective in this environment are dis-
cussed,

Introduction--The cobjeciive of research being done at th? New Mexico Institute of Mining and
Te :hnology under U. S. Army Sighal Ccrps sponsorship is to describe the physical processes lead-
ing to thunderstorm electrification. Knowledge of the environment in which thunderstorm charge
centers occur is of crucial importance in studying the validity of any postulated charge-separation
m¢ chanism.

Technique--WORKMAN, HOLZFER, and PELSOR [1942] developed a technique for locating the
charge centers in active thunderstorms. The technique consists essentially of measuring, at a
number of positions on the ground, the potential-gradient change accompanying lightning discharges.
The theo-y of this method can best be explained by reference to Figure 1. E is the gradient change
at the point x4, yy when the dipole Q+, Q- is discharged by a lightning stroke. If we assume the
surface of the Earth to be ar infinite conducting plane, it is clear that in the case of the discharge
of a dipole we have seven unknowns; the space coordinates of the negative cenier (x, y, and z with
minus subscripts), the space coordinates of the positive center (x. y, and z with plus subscripts),
and the magnitude of the charge Q. The magnitudes of the positive and negative charges are equal
in the case of a dipole. Thus, if the gradient change can be measured at seven poiats on a plane,
saven independent equations involving the seven unknowns can be written in the form shown. It can
be shown similarly that only four measurements are required in the case of a single center dis-
charging to ground.

Using the above theory, Workman, Holzer, and Pelsor conducted a study with a network of
eight instruments at an altitude of 5300 ft near Albuguerque, New Mexico. The results of the study
were published, but unfortunately the report received only limited circulation because of military
classification.

The 1942 study was repeated in the summer of 1952 with the principal advantages of an improved
potential-gradient recorder designed by Dr. Workman and at a higher elevation (7000 ft) for the in-
strument network.

The basic elements of the potential-gradient recorder are an expused antennz plate, a shield-
ing mechanism, and a recording vacuum-tube voltmeter. The plaie current of the electrometer is
indicated by tne galvanometer and is recorded on 16-mm {film which travels approximateiy one-half
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Fig. 1--Sketch showing significance

of terms used

Since it is impractical to aitempt tc =olve
analytically seven nonlinear, simultaneous
cquations, the analysis of the data obtained
presented a problem of considerable magni-
tude. Workman, Hoizer, and Pelsor used a
mechanical analogue to analyze data from
their network. The data from che more
recent study were analyzed by a trial-and-
error technique based on tabulated caicu-
lations.

Results--The instrument network was
operated during 18 storms on 16 days, but a
large number of data was obtained from only
two of these storms. It was possible to lo-
cate the centers involved in a total of 40
lightning stroke elements.

The results of the study are summar-
ized by Figure 3. The mean height for
negative centers involved in intracloud dis-
charges is 24,000 it msl. The temperature
at this height is about -16°C. The negative
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inch per second over a 0.001-inch slit. The
plate current is propoztional to the electrostatic
charge induced on the antenna. The time resolu-
tion of the instrument (about 0.01 sec) is limited,
of course, by the natural period of the galvanom-
eter, the film speed, and the slit width, Figure

2 shows the instrument schematically.

Eleven of the instruments were distributed
over an area of about 30 sq mi. All the instru-
ments were connected to the central control sta-
tion with field telephone wire strung on the groumd.
This connection, through appropriate relays at
the instruments, permitted starting and stopping
~f all irstruments from the central control point.
It also provided for automatic simultaneous op-
eration of all antenna shields every ten seconds,
as well as for occasional simultaneous operation
to provide ‘intelligence’ signals required in co-
ordination of the records. The instruments were
calibrated against a generating-type potential
gradient recorder.

ANTENNA SHIELD

SPRING CONTACT
—“'/;omp HOLE

——INSULATED
ANTENNA SUPPORT
WITH HEATER

\ANTENNA SHIELD
ACTUATING
SOLENOID

L ]
GALVANOMETER /:lsﬂmli-:ew'lf"ﬁimp
ELESTRO-TECH [\ -~ —-——-===zmw=lomoog
LAB TYPE D \\1 W E
N ~~—_a_THREE-PLANE
e 51 MIRROR
i “\:
: 00" SLIT
SO
ve ) Ko ),
<D emm S

Fig. 2--Schematic diagram of the instrumnent
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centers may occur at temperatures as cold as
O~MEAN LOCATION INTRA-CLOUD GISCHARGES -33°C or as warm as -1°C. The corresponding
451 _MEAN LOGATION GROUND DISCHARGES 7|  positive charge centers are always closely as-
_LIMITING OR OGGAS! sociated, being on the average about 2000 ft »
Limi CASIONAL CASES above (or 4°C colder than) the negative center.
40~ -50° -4 The horizontal separation (not indicated in Fig.
- 4g° 3) between centers was usually about one-half
—~ = _ ape as great as the vertical separation. While
(—;" 35k ’ % — . Workman, Holzer, and Pelson found generally 4
. i -3ro greater horizontal separations, the vertical
- ¢) -33° - separation and the temperature environment
Y30k -28° W J  found for the charge centers in this more re-
o _o30 z cent study are in excellent agreement with
2 2 their findings.
25+ -lee g
c -13° 7] The occurrence of a lower positive charge
< -9 2 center, near the 0°C isotherm and in the region
~ ool I | of heaviest precipitation, was indicated by the
role of these centers in the initiation of dis-
- - 3° charges to ground, and by the existence of high
_____________ e — - oo . F 3 3
T positive fields at the surface near such regions.
© 15 + 50 -1  The earlier study gave no evidence for the
S existence of such centers. This difference in
the results of the two studies may be attribut-
10 =}  able to the fact that the instrument network was
1700 it higher in the second study and there-
TERRAIN A A7 A7 % fore provided better resolution.
S5t -
Charge separation mechanisms--Perhaps
| the most significant feature revealed by the
o study is the wide range of temperatures at

which the charge centers may occur. I a single

Fig. 3--Results of study mechanism is to account for thunderstorm charge
separation it must indeed be a versatile one.

A few years ago we discovered au electrical pnenomenon that might be the cause of thunder-
= storm electrification [WORKMAN and REYNOLD3, 1950]. We found that as dilute aqueous solutions
*t are frozen, potential differences of as much as 250 volts arise between the solid and liquid phases.
We also found that a. large amount of charge (several hundred thousand esu;.. of water frozen) is

1‘ separated during the freezing process. The sign and magnitude of the potential difference and the
B amount of charge separated are dependent upon the kind and amount of material in solution in the
A ' g

water.

We examined the precipitation forms taken from an active thunderstorm cell and concluded
that if glaze ice were being formed on precipitation particles and liquid water were being shed from
the particles in the course of their fzll, a charge dipole having its negative center oriented down-
ward would be developed in the cloud above the 0°C isotherm.

We have made more recently a theoretical study of the formation of glaze ice on precipitation
par.icles as a function of elapsed time and cloud teraperature, liquid water content and updraft
velocity [REYNOLDS, 1953]. This study suggests that the formation of glaze ice cannot be expected
to proceed in New Mexico thunderstorms at temperatures much colcer than abcut -10°C. The re-
) lationship of the various factors is illustrated by Figure 4. The dotted line shows the representa- v
3 tive maximum theoretical liquid-water content for New Mexico thunderclouds. Coordinates to the
left of the line are critical for the forination of glaze ice on precipitation particles. An updraft of
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1500 ft/min {s considered representative for
New Mexico clouds. It should he noted that ' ' ! ' ! '
even though the liquid-water coantent is as
. great as the theoretical maximum, and the ~16}
up-draft velocity is as great as 2500 ft/min,
glaze ice will not be formed at temperatures
lower than -16°C. 3

It must be concluded, if the results of
the theoretical study are accepted, that the
potential differences which accompany the
freezing of dilute aqueous solutions cannot & -
account for charge centers which occur fre- e
5 quently at temperatures lower than -20°C,

5 For this reason laboratory experiments de- -8
signed to determine whether electrical effects
might accompany the growth of precipitation

2 particles by processes not involving glaze ice

were undertaken.

TEMPERATURE

The device shown in Figure 5 was con-
structed to study the electrical effects that
might be associated with the formation of 3
rime ice. When the riming element is op-
erated in a supercooled cloud at peripheral o R WA 5 4
speeds of 25 ft/sec, or about the maximum 0 4 o
speed of fall for raindrops, a rime ice for- LWGC g/m
mation such as that shown is formed. The Fig. 4--Relationship of temperature to
thin rod which dips into the pool of mer- liquid water content required to
cury makes electrical contact with the rim- produce ‘wet’ hailstones at given
ing element at a point inside the grounded updraft velocity
shield. The mercury pool is connected to a
recording electrometer.

ol

When the rimer is operated in a cloud composed entirely of supercooled droplets, or a cloud
composed entirely of ice crystals, negligible charging effects are observed. However, when the
rimer is operated in a cloud consisting of supercooled droplets and ice crystals in coexistence,
a large amount of charge (approximately 1 esu/sec) is separated. In general the sign of the charge
on the rimer is positive when the crystals are numerous in relation to the droplets, and negative
when the reverse situation obtains.

On the basis of some secondary experiments, I suggested at the Santa Barbara meeting of the
Americzn Meteorological Society in 1953, that the observed charging effects were attributable to
the acquisition of positive charge by the ice crystals as they grew by sublimation. The effects of
these secondary experiments were found to be irrelevant or spurious and this interpretation was
abandoned.

The riming element is, of course, analogous to a graupel particle growing by the accretion of

N cloud droplets. Such 2 particle will have a high fall velocity relative to ice crystals and cloud
droplets. From what has been said abcut the charge configuration in thunderstorms it is obvious

that these particles of high fall velocity must acquire negative charge to account for thunderstorm
electrification.

e The acquisition of negative charge by the riming element apparently is associated with the
accretion of relatively large amounts of supercooled liquid water. In these circumstances the
temperature of the growing rim 2 ice will be greater than that of the ambient cloud and growing
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Fig. 5--Instrument for the study of electrical effects associated
with the formation of rime

crystals, because of the acquired latent heat of the accreted droplets. To test whether a tempera-
ture difference between the rime formation and the cloud might control the sign of the charge ac-
quired, a Westinghouse 250-watt Heat-Ray lamp was arranged so that it could heat the rotating
rimer by illuminating it from a distance of about one foot. When the cloud conditions were adjusted
for strong positive charging of the riming element, and the rimer was thus heated, strong negative
charging promptly resulted.

It was also found that when contaminants which serve as condensation nuclei (for example,
sodium chloride smoke) were introduced into the cloud in quantities sufficieat to give a concentra-
tion of about 10-4 molal in the rime collected, the sign of the charge on the rimer was negative,
regardless of the relative amounts of water droplets and ice crystals in the cloud. It should be
pointed out that the impurities in the cloud result in the contaminaticn of the rime formation, whereas
the crystals floating in the cloud remain quite clean. The smoke particle: provide condensation
nuclei upon which the cioud droplets form. The rime ice grows principaily by the accretion of the
contaminated droplets, whereas the crystals grow directly from water vapor. ”

Hypothesizing that charge is acquired by the rime as a result of rubbing contact between the
rime and the growing ice crystals in the cloud, Marx Brook and I designed experiments to test
whether charge separation resulted from the rubbing of one ice surface upon ancther. “ncourage- ;
ment for experimentation of this sort was gained frow a paper by HENRY [1953], in wh.ch it was -
suggested that a temperature difference between simil r surfaces might cause charge :eparation
when they are rubbed together.
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Two nickel-plated copper rods were chilled and then dipped into a graduate containing distilled
water to form a film of ice about one mm in thickness on the rods. One of the rods was connected
to a tube electrometer and the other rod was connected to ground. It was found that if one of the
rods was maintained at a temperature 2°C or more, warmer than the other rod, the warm rod always
acquired negative charge upon rubbing.

It was also found that if the ice surfaces on both of the rods were formed from a 10-4 molal
solution of sodium chloride, no charge separation accompanied rubbing contact, regardless of the
temperature difference between the formations. However, if one of the ice formations was formed
from such a solution and the other was formed from distilled water, the rod having the contaminated
ice became negatively charged even when its temperature was as rauch as 8°C colder than the un-
contaminated rod. Cesium fluoride and lithium chloride also were used as contaminants in the
same concentrations, and produced exactly similar effects on the frictional charging. It is possible
to offer a tentative explanation of t* physical phenomenon which determines the sign of the charge
separated during rubbing contact between two ice surfaces. Time does not permit a presentation
of all the details. Briefly, however, the sign of the charge separated seems to depend upon the
relative mobility of the protons in the two ice formations.

Summary--The experiments involving the rubbing together of two ice formations strongly sup-
port the bypothesis that the charge acquired by a growing rime-ice formation results from frictional
contact with the ice crystals in the cloud. The effect of temperature difference and the effect of con-
tamination in these experiments is completely consistent witl the effects of these variables in the
riming experiments.

The mechanism being studied appears to be quite applicable to thunderstorm electrification.
In order to account for the observed thunderstorm polarity the precipitation particles having the
highest fall velocity must acquire negative charge. Using the equations of LUDLAM [1950], one
can show that a four-mm graupel particle, falling through a cloud (fall velocity about 30 ft/sec)
having a liquid-water content of only one gr/m3 and a temperature of -20°C, will achieve a tem-
perature about 2,5°C warmer than the cloud temperature. (The value of one gr/m3 is low, and
this value may be expected to be as high as 3.5 gr/m3 in New Mexico thunderclouds.) Ice crystals
growing by sublimation in such a cloud will be only about 0.5°C warmer than the cloud. Further-
more, the graupel particle will be composed principally of accreted droplets which have been con-
taminated by their condensation nuclei, and will, therefore, be composed of an ice which is much
more contaminated than the crystals which have grown directly from vapor. Thus both of the
variables (that is, temperature and contamination differences) which control the sign of frictional
charge separation act to cause the particles of high fall velocity to become negatively charged. An
important consideration in determining whether the frictional effect can account for thunderstorm
electrification is the amount of charge separated per graupel-crystal collizion. A preliminary
measurement of the charge per collision, when crystals of about 100 micron diameter and a four-
mm riming sphere are involved, yielded a value of 5 X 10~4 esu per collision. Using this value,
one can compute that the graupel particles would acquire a charge of 5 esu/gram in a cloud con-
4 taining one gr/m3 of liquid water and having an ice-crystal concentration of 104 /m3. It is recog-
E nized that more must be learned about the liquid-water content and ice-crystal concentrations in
clouds before valid calculations of this kind can be made. It is rather to be expected that the ice
crystals encountered in atmospheric clouds would be much larger than 100 microns and would
3 yield larger amounts of charge per collision.

L
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POSSIBLE MECHANISM FOR THE FORMATION OF THUNDERSTORM ELECTRICITY
Bernard Vonnegut

Arthur D. Little, Inc.
Memorial Drive
Cambridge 42, Massachusetts

Abstract--It is proposed that electrification ir thunderstorms is the result of strong
updrafts and downdrafts that cause a multiplication of the small space charge normaliy
found in the lower atmosphere. Because the air in the lower atmosphere contains a small
positive space charge, ciouds formed of this air have a small positive electric charge and
produce an electric field. Under the influence of this field, negative ions from the upper
atmosphere move down toward the cloud. These ions do not neutralize the cloud because
they are caught in downdrafts that carry them down to the lower part of the cloud where
they accumulate to form 2 large region of negative space charge. This charge finally be-
comes large enough to produce a large positive space charge by corona fron. points on
the ground beneath the cloud. Air containing this increased positive space charge is car-
ried by updrafts into the top of the cloud, causing it to become even more positively
charied. This increases the rate of growth of the certer of negative charge and finally
the charges become large erough to produce lightning.
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Introduction--This paper presents an hypothesis that is a possible alternative or supplement
te the widely accepted theory that lightning is the result of the gravitational sepavation of charged
precipitation elements in a neutral cloud. According to the accepted theory, precipitation particles
such as rain, snow, hail, or sleet somehow become charged with one sign, while air or slower-
falling particles become charged with the opposite sign. The faster-falling particles then fall away
from the slower-falling ones, thereby creating a separation of charge that results in lightning.

Precipitation particles play a minor role in the presently proposed theory of electrification.
According to this theory, the charges responsible for lightning are not produced by the separation
of oppositely charged precipitation elements but are drawn from the ionosphere by conduction and
from the Earth by corona. It is postulated that intense convective activity, such as that occurring
in thunderstorms, results in a charge multiplication process that increases the small space charges
nornally present in the atmosphere until they are large enough to produce lightning. This process
is similar to that which takes place in high-voltage electrical induction machines. It appears that
the small concentration of positive space charge niormally found in the lower atmosphere is usually
sufficiently large to begin the build-up of charge. However, the initial charge necessary for a charge
multiplication process of this sort might be provided by other sources of space charge such as pre-
cipitation, dust storms, blowing snow, ocean spray, or volcanic activity.

Before describing this process of electrification, it is helpful first to review very briefly the
observed facts of fair-weather electrical phenomena on which the theory is based. Presumably,
because of thunderstorm activity, which is constantly taking place over the surface of the Earth,
the ionosphere is maintained at a positive potential with respect to the Earth of the order of half
a million volts [GISH and SHERMAN, 1936]. This potential difference causes a positive current to
flow continuously through the atmosphere {rom the ionosphere to the Earth. Because of the high
] electrical resistivity of the atmosphere at low levels and because of the electrode effect, this cur-
i rent results in a slight excess of positively charged Aitken nuclei in the lower atmosphere [KAHLER,
) 1927; OBOLENSKY, 1925; BROWN, 1930]. It is postulated that this small positive space charge
initiates the electrification process in clouds.
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When the atmosphere becomes sufficiently
unstable to produce thunderstorms_ large vol- IONOSPHERE
umes of warm, moist 2ir near the ground con-
verge and rise to kigh altitudes to form clouds.
Because this air contains a positive space
charge, the clouds that are formed are elec-
trically charged. One of these clouds is
shown in Figure 1.

Even: very large cloud having the space-
charge density usually found in the lower at- /-POSITIVE cLoub
mosphere would not prrduce a potential gra-
dient sufficient to produce lightning. However,

as the cloud grows and increases in height, NORMAL POSITIVE
another process begins to take place that re- SPACE CHARGE
sults in the production of large air masses /‘

having a much greater space-charge density. + + + \ + + +

The cloud finally reaches altitudes where GROUND

the electrical conductivity of the surrounding

air is much greater than that at lower levels. Tig. 1--Formation of cloud containing small
The potential gradient at the top of the cloud positive space charge

is considerably greater than the normal pos-

itive gradient at these altitudes and in the opposite direction. Under the influence of this field a
current of small negative ions flows from the ionosphere to the surface of the charged cloud. Here
the small ions attach themselves to cloud particles and Aitken nuclei and thus become large ions

of low mobility. This process results in the formation of a negative space charge over the top sur-
face of the cloud, which, were it to accumulate, would soon neutralize the positive field. However,
there are rapid downdrafts on the surface of a cumulus cloud that carry the negative charge away
from the top of the cloud down to lower levels. The air comprising these downdraits originally
rose from the Earth’s surface because it was thermally unstable. Therefore, the air in these down-
drafts does not return all the way to the ground, but descends to some intermediate level at which
it is in equilibrium. As the resuilt of this process, the negative charge carried down fro:n the top
of the cloud by the downdrafts accumulates as a charge center somewhere in the lower part of the
cloud, as shown in Figure 2. This charge grows until it finally produces a field large enough to
cause points on the surface of the Earth to give corona and produce a current of positive ions.
These small ions become attached to Aitken nuclei and cloud droplets in the lower atmosphere and
thus become large icns of low mobility. Even in the large electric fields that prevail in thunder-
storms, the velocity of these ions relative to the air is small compared o the wind velocity. There-
fore these pcsitive ions are prevented by the wind from moving towards the negative charge that
induced them, and are carried by updrafts into the top of the cloud, thus causing it to become even
more positively charr *d, as shown in Figure 3. This, in turn, increases the rate at which negative
charge is drawn from the ionosphere and carried to the lower part of the cloud. The positive and
negative charge centers grow by this process until the resulting potential gradients are sufficiently
large to result in lightning.

If the foregoing theory is correct, it must be in accord with the established facts of atmospheric
electricity 2nd cloud development and must quantitatively acccunt for the electrical currents that
have been measured in thunderstorms. The theory depends c.a three basic processes: (1) the con-
duction of charge from the ionosphere to the cloud; (2) the production of corona from the ground;
and (3) the transport of these charges by updrafts and downcrafts m such a manner that they are
accumulated to give charge centers large enough o produce lightning.

Unfortunately, there are insufficient experimental data concerning such variables as the space
charge distribution in the cloud and the air trajectories iuside and ontside the cloud to permit a
rigorous quantitative treatment of the various processes involved in the theory. Nevertheless,
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Fig. 2--Development of negative charge center Fig. 3--Intensification of electrification
in lower part of cloud resulting from point discharge on ground

with the considerable body of data that is available on atmospheric electricity, it is possible to
mak= a semiquantitative evaluation of the processes involved in the hypothesis. The following sec-
tions are devoted to rough computations of the rate of growth of the charge centers, discussions

of the details of the various processes. and speculations upon some aspects of atmospheric elec-
tricity.

Observed currents to cioud from ionosphere and ground--Before attempting any calculations
of the electrical charging currents that would be expzcted according to the theory, it is interesting
to examine severai measurements that indicate the magnitude acd direction of the currents flowing
above and beneath thunderstorms.

Above the tops of thunderstorms GISH [1951] found that a negative current, frequently of the
order of one ampere and sometimes as large as six amperes, flows from the icnosphere to the
clouds.

Beneath thunderstorms, the measurements of WORMELL [1930] give evidence that large posi-
tive corona currents flow from the ground into the atmosphere. He gives the following estimate of
the arnual flow of electricity to an area of a square kilometer at Cambridge, England: conduction
current, +60 coulombs; point discharge current, -100 cculombs; precipitation current, +20 coulombs;
and lightning discharges, -20 coulombs.

These data show that large electrical currents flow toward thunderstorms from the ionosphere
and grouni in the directions required by the hypothesis. These data also show that the rate at wkich
) charge is transferred by these processes is of the same order of magnitude as the rate at which
charge i transferred by lightning.

Growth of negative charge center--By making very crude assumptions and simplifications, it
is possible to calculate the rate of growth of the charge centers that would be expected according
to the hypothesis.
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In the first place, let us attempt to estimate the rate at which a cloud formed of positively
charged surface air would be able to transpert negative charge from the ionosphere down to the
lower part of the cloud. In order to do this wo must calculate the electric field that exists at the
top of the cloud. Let us assume a spherical cloud having a radlis r, whose center is r + L above
the ground. Neglecting the effect of the Earth and ionosphere, the potential gradient at the surface
of the cloud resulting from its space charge is given by

Fy=6pprX1077 .o il (1

where Fy is the gradient in volts per centimeter that would be produced by the cloud alone, r is the

rad%us of the cloud in centimeters, and Pp is space charge concentration in elementary charges per
cm9,

At the top of the cloud, this gradient is opposed by the normai gradient in the atmosphere. In
order for the cloud to attract negative charge from the ionosphere, it is therefore necessary that
the gradient procduced by the cloud be greater than this normal gradient. A simple calculation shows
that if the positive space charge in the cloud is of the order of tea to 1000 positive elementary charges
per cm3, which various investigators [OBOLENSKY, 1925; BROWN, 1930; GISH, 1951] report for the
lower atmosphere, the cloud does not need to be very large to satisfy this condition. For exampie,
we can calculate the normal gradient in the atmosphere Fo from GISH’S [1951] data on the conduc-
tivity of the atmosphere. From altitudes of 6 km to 15 km, his data can be approximated as foilows

R=3x1026/¢2 . ... R e . @
where R is the electrical resistivity in chm-centimeters and Y is the altitude in centimeters. I

we assume aa ionosphere-to-ground current of 10-16 amperes/cm2 {CHALMERS, 1349], thec the
normal potential gradient is given by IR, or

Fy =R = 3 x1010/y2

At an zltitude of three km, according to this e uaticn, the normal gradieat iz 9.2 volt fcm. From
{1), a cloud oontaining a space charge of 110 unit charges per cc would have to oe oaly 50 m in radius
in order to neutralize this field. I the space charge density were ten elementary charges ser cm™,
the cloud would have to be 500 m in radius. K is evident that the normal electric field of the ¥arik
is so small in relation to the field produced by largze ciouds that to a first approximaticn it can be
neglected. Accordingly, we will assume that the field at the top of 2 growing cloud is given by (1).

As the result of the action of this field, negative ions flow from the ionosphere toward the sur-
face of the cloud. H there were no downdrafts on the surface of the cloud or winds above it, the
field produced by the cloud would rapidly be neutralized by the space charge of the negalive ions that
are drawn to its surface. However, visual observations and lapse-time motion pictures made by
Schaefer und others show that a cumulus cloud is much like a large fountzin of hot air with an up-
draft in the center and stroag downdrafts over the surface 2ll around. These downdrafts remove
the negative charges on the surface of the cloud and carry them down to lower levels, where they
accumuiate to form a charge center. Because the downdrafts carry away the layer of negative
space charge as fast as it forms, the positive field of the cloud is not completely neutraiized and
a current of negative ions flows continuously from the ionosphere to lower levels.

The structure of these downdrafts appears to be quite complicated. It is a very difficult matter
to estimate at what rate they remove the negative space charge around the top of the cioud and to
what extent the field of the cioud is reduced by this space charge. We wiil make the sirap:est assump-
tion: that ai the top surface of the thundercloud, the actual field can be expressed by a2 factor &
times the value that the field would have in the absence of the negative space charge. The factor
& will obviously depend on the downdrait velocity. U this velocity were very :...ge, very little space
charge could accumulate cr the top of the cloud, so that & mould approach one. In the absence of
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downdraits, cc would become cero. It is probable that & deoends it unly un the downdraft velocities
but also on other variables such ss the shape and size of .ie cells in the cloud.

However, it we assume that the grauient at the surface of the cioud can be expressed by
F=6ppa:r>:10'?........................ (4)

and assume that all of the negative charge flowing irum the Ignosphere is accumulated as a charge
center at intermediate levels, then it is possibl to compute the magnitude of this negative current,
I,, by dividing the gradient by the expression for the clectrical resistance of the air and muliiply-

ing by the surface area of the cloud top.

Eq. (2), which is based on Gish’s data, is for the positive resistivity of the air. This can be
converied to give negative resistivity by multiplying by the factur 0.78, the ratio of the mobility of
positive to negative ions [GISH, 1551]. Using his we obtain

ln=8appr3 (2r+h)2>:10'33amperes S )
or if r is large with respect to h

I=3ap,r®x107%2 . L. Ll (6)

If we assume that the radius of the cloud increases linearly with time at a rate v, then the cur-
rent as a function of time is given by

In=3a:ppv5t5xm'32 S ()]

e

The charge Qp, that has built up can be ¢xpressed as a functicn of time by integrating (7) to give
3 Qn

I ¥V is 500 cm/sec, then

T

Sapp\'5t5x10'33................. ... (8)

6

it
pat

Q x1071 O

.Sapp 4

This expression shows that the pruposed mechanism leads to a rapid build-up of negative charge in
3 the lower part of the cloud.

e ¢

s
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Figure 4, a graph based on thi s equation, shows how Qy,, the negative charge, and Q,, the posi-
tive charge, might be expected to vary with time ur the cloud size when various assumptions are
made concerning g, the positive space charge density in the air forming the cloud, and & the cG..-
stant which relates'the gradient at the clcud surface to the value the gradient wouid have in the
absence of negative space charge. Two curves are shown for Qp, one for which % equals ten and
the other for which apy equals 155. Because the charge Qp depends on the sixth power cf the time
E or cloud size, the time neccssary to build up a given charge is not particularly sensitive to assump-
]

1.
M
”

RGOS i) SR

tions made concerning Pp and ¢, a2s it occurs as their sixth reot. It should be remembered that
1 Figure 4 and the calculaiions made thus far are based on the assumption that the positive space-
- charge density in the cioud is of the same order of magnitude as that found in the lower atmosphere.
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It will be shown later that when the negative tharge reaches a certain v.liue, corona discharge from E_
points on the ground will greatly ncrease the positive space charge density in the air entering the .
cioud and thus cause the charges to build up more rapidly. e
1t is worth peinting out that according to the hypothesis there «re conditions under which even e

a very large cloud would not be expected to produce lightning. Four example, it will be remembered By
at in the derivation of (4) it was assumed that o, was suificiently large that the normal gradient X
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in the atmosphere was negligible in comparison
DIAMETER - KILOMETERS with that produced by the cloud. K the value of
|3 i 2 3 45678 10 15 20 ppisquite small, perhape of the order of one or
! ! T /'4 less elementary charges per cc, this assumption »
L, is no longer true, and the cloud may never grow
, P¥g //; big enough to overbalance the normal field. In
107~ Ea P ,:/ this case, the process of drawing negative charge
- from the ionosphere would not take place.

pdbs ‘)
P ,
4

/ Even a very large cloud having an appreciable
space charge density may stili fail to develop elec-
y __,\oq/ L Qp trical activity if the negative charge attracted to
g its surface is not removed and accumulated as a
charge center. This would be the case {f there
dfx/ Qn were very small downdrafts on the cloud, which
would mean that o is very small, or if high winds
. . at the top of the cloud continuously removed the

500300 400 606 8001000 2000 nﬁgative chtarge and,linsteac; (zifi%athering itasa
- charge center, merely carvied it away.
TIME - SECONDS '8 ’
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Growth of positive-charge center--According
Fig. 4--Estimated charge growth without  to the hypothesis, when the negative charge in the
point discha:g: lower portion of the cloud reaches a certain value,
the field on the surface of the Earth will become
sufficiently large to cause objects on the ground to give corona. WHIPPLE and SCRASE [1936] give
the foliowing empirical relation between the electriv field and the positive current I flowing per km
from point discharge.

I=16[F2-(8.60%x10°8..................... (10

where I is the current in amperes and F the field in volts/cm. According to this expression corona
does not begin until the field is 8.6 volts per cm. If we assume that the negative center of charge
is about three km above the surface of the Earth, we can compute that the cri.ical field of 8.6 volts
per cm would be reached directly beneath the cloud when the negative charge is about 0.4 coulomb.
-wccording to Figure 4 this value of the charge would be attained in about 15 minutes when the cloud
is nine km in diameter. It is rather difficult to estimate how ropidly ositive space charge is being
produced and drawn into the cloud as the negative charge rapidly grows. This rate depends on the
velocity of air going into the cloud and also on the electric fiald at the ground, which is the vector
sum of the field caused by the negative ckarge and the field caused by the positive space -harge
being preduced. It sir ifies matters if we lock at the situation in another ten or s0 minutes when
the negative charge has grown to perhaps 50 coulombs and the field on the ground in the absence
of positive space charge wguld be of the order of 1000 volts/cm. According to (10), with this field
the corona current per km< is of the order of cne ampere. We are justified . assuming that when
the ~vona current rcaches this magnitude the positive space charge produced near the ground is
ver' _.early equal to the negative charge alove. Y we assume that the positive space charge beneath
the. cloud has an arez of the order of 100 km2 anc that the wind is flowing radially inward toward the
center of the cleudat five meters per second, thewn in every period of the order of ten minutes an
a2a-ount of pousitive space charge almost equivalent to the negative portion of the cloud wculd be .
ransporte! into the upper part of the cloud.

Another rough wa of looking at the effect ui corona is to say that in (8) the density of positive
charge in the cloud is no longer constant but begius to increase with Q. Since Qp varies as the
s1zth power of the tim: and is also proportional to p.,, one might expect that after corona had begun
both the negative and positive charges in the cloud would ircrease as some prwer of time greater
than six.
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It appears, according to this hypcthesis, that
DIAMETER - KILOMETERS the electrical activity in cumulus clouds increases
@ 1 2 3 4 5678 10 15 20 as something like the sixth power or more of their
! T T T T / size and that the amounts of charge and the field
102 i could become sufficiently large to produce lightning
g | / when the cloud i> about ten km in diameter or per-
g o] } F haps 25 minutes old.
3,0 : T
3 10 PR When the process of corona is taken into ac-
S ot - A count, one might guess that the growth of the charge
| - /) ters in a cloud might b thing like that
2 - P cen in a cloud might be something like tha
tg 10" == - T shown in Figure 5. It should be emphasized that
x 3 Qp this picture of the build-up of charge is little more
&‘: - than a very rough guess. The rate of charging un-
TR doubtedly varies greatly from one cloud to another.
‘0-5 Qn For example, if a cloud were to grow to a height of
| ten km and then stop growing and stay about this
. . T G W) L L size, then the positive-charge center might stop
100 200 300 400 600 80000 2000 orowing while the negative-charge center would
‘ME - SECONDS confinue to increase. The negative-charge center
migh. become considerably larger than the posi-
Fig. 5--Estimated charge growth tive center until finally corona would take place
with point discharge that would increase the positive space charge den-

sity and cause the positive center to resume its
growth. It would be possible to make a more rigorous mathemctical approach that would attempt

to take intu account such factors as the effect on the field around the cloud caused by induced charges

in the ground and in the ionosphere, as well as the interaction of the fields of the two main charge
centers. However, it appears doubtful whether such refinements couid be justified at present in
view of the lack of knowledge of many of the important variables characterizing the cloud.

Nature of space charge--If updrafts and downdrafts are to perform electrical work by moving
charged particles in an electric field, it is necessary that the velocity of the particles relative to
the air that results from electrical forces be somewhat less than the velocities of the updraffs and
downdrafts. In the early stages of thunderstorm development, when the fi~lds are small, it is pos-
sible that even small ions, which have mobilities of the order of one cm per second per volt per cm,
can be moved by th: wind against the force resulting from the electric field. However, in the in-
tense fields of a full-fledged storm, it is necessary that the charge-carrying particles have much
lower mobilities if they are to be carried by the wind. It is postulated that the small negative ionz
drawn from the ionosphere, and the small positive ions produced by corona, attach themselves to
cloud particles and Aitken nuclei and thus become transformed into ions of low mobility.

Data are not available conce.ning the concentration and the mobility of the particles compris-
ing the spa..2 charge in thunderstorms. However, it is possible to make rough estimates of these
quantities. Let us suppose that the charge center ina storm is a sphere having a radius of three
km and that the field at its surface is 102 volts/cm, a very large field that would probably result
in lightning. Using (1) we can compute that the average density of space charge in the cloud is of
the order of 5 x 104 elementary charges per em?®  The total charge of such a cloud is about 103
coulomb.

The mobility o:i the charged cloud particles comprising this space charge can be calculated
from their size and cuucentration on the assumption that the particles carry equal charges. If the
cloud particles have .. radius of ten microns and the liquid water content is 1 g n/m3, then trere
are about 100 particles per cm3. The charge ca each particle is therefore 5 X 102 elementary
charges. Using Stokes law we can compute that the mobility of these ions is 2.5 x 10-4 cm/sec
voit cm. Even in a field of 104 volts/cm these ious would have a velocity of only 2.5 cm/sec rela-
tive to the air.
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Some of the particles undoubtedly are more highly charged than others. Therefore, the charge
is not uniformly distributed as was assumed in the above calculations. It is interesting to compute
what the charge and mobility of ten-micron particles would be if they carried the maximum charge
they could attain in a field of 104 volts/cm. LADENBURG [1930] had given the following relation
between the maximum charge Q that can be acquired by a particle of radius a and dielectric con-
stant k in a field F.

A=Fa2{1+2(K - 1)/B+1)] errvreennnnnnnnnn.. (11)

From this equation, it can be calculated that in a field of 10¢ volts/cm, water particles having
a radius of 10 microns would each carry 2 X 105 elementary charges and have a mobility of 10-1
cm/sec volt cm. The space charge density in a cloud of such particles would be about 2 x 107 ele-
mentary charges per cm3, Even with this large space charge dencity, the mobility of these particles
would still be sufficiently small that they might be moved against strong fields by the high winds in
a thunderstorm.

In the r 2gion under the cloud the only particles to which the small ions produced by corona can
become attached are the Aitken nuclei. These small particles generally carry only one elementary
charge apiece and have mobilities of the order of 10~9 cm/sec volt cm. The usual concentration of
these particles is of the order of 10% per cm3, so that the space charge that can be carried by these
particles has a density of the order of 104 elementary charges per cm3. A layer of space charge of
this density would have to be 2.5 km thick in order to neutralize a field of 104 volts/cm. Thus it
appears that in strong fields, if the cloud base were low or if the concentration of nuclei were low,
many of the fast positive ions produced by corona might proceed all the way up to the cloud base
before being transformed into ions of low mobility.

The concentration of space charge can be estimated in a somewhat different way by calculating
the minimum space charge density that would be required in order to produce the charging rates
that have been observed in thunderstorms. If we assume that the charging current consists of charged
particles being carried by an average wind of 5 m/sec over an area of 100 kmz, then we {find that a
space charge density of 104 elementary charges/cm3 is required to give a current of four amperes.
This value is in fair agreement with the results of the calculation of the charge density that was
made using rough gresses for the values of the field and size 0. 4 charge center.

It can be concluded from the foregoing speculation upon the concentration and mobility of
charged particles in a thunderstorm that quantities of charge ample to produce lightning can be
carried in the form of charged particles of low mobility. Although the space charge usually con-
sists of charged-cloud particles, it is conceivable that the electrification process might take place
in the absence of cloud particles if a sufficient concentration of A*tken nuclei were present in the
atmosphere,

When precipitation particles are present, they too will doubtless constitute a portion of the
space charge. They will carry a charge because they ha' e been for ned by the coalescence of
charged cloud particles or because they have been subjected to the same charging process as the
cloud particles.

Loss of charg~ caused by . .nduction and mixing--Electrical conduction between the charge
centers and the mixing of the air masses carrying charges of opposite signs will reduce the rate -
at which charge builds up in a thunderstorm. These two processes were neglected in the est:mates
of the rates of growth of the charge centers.

There are apparently no data on the electrical conductivity within thunderstorm clouds that
can be used to estimate the rate at which charge is lost by conduction. CHALMERS [1649] cites
data taken by SCRASE [1913] showing that the conductivity in fogs is about one-tenth the normal
value for air, and states that in clouds the conductivity is nsually very small if no source of
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ionization is present. These data are presumably for ordinary clouds and probably do not apply
to thunderclouds, which according to the theory must contain a large concentration ot charged par-
ticles.

In the absence of measurements of the conductivity in thunderstorias, it is possible to estimate
the conduction current by using values for the conductivity calculated frow. the probable space
charge. If we assume that the cloud has an average space charge density of 5 x 10-4 elementary
charges per cm3, and the mobility of the ions is 2.5 x 10-4 cm/sec volt cm, then a charge center
3 km in radius having a field of 104 volt/cm would have a leakage current over its surface of 2 x
10-4 ampere. This is small compared to the calculated value of the charging current, which is of
the order of one ampere for such a cloud.

Because of the complexity of the turbulent mixing within a thunderstorm, and the inadequacy
of the available data, one can only make guesses concerning the rate at which charge iz lost by
mixing. From the appearance of the surface of a thunderstorm cloud, one might guess that the
cells of turbulence are generally large enough that their surface-to-volume ratio would be sufficient-
ly small, that mixing would not seriously interfere with the electrification process. It will be nec-
essary to secure much more data before the roles of conduction and mixing can be properly evaluated.

The relationship of lightning to the charging process--Lightning is an important link in the
electrical process by which thunderstorms move negative charge from the ionosphere to the Earth.
It seems probable that most of the negative charge drawn from the ionosphere according to this
theory is transferred to the Earth by lightning strckes. This happens in two different ways. The
first of these is a direct process in which the lightning transfers the negative charge te the ground
by a cloud-to-ground stroke. The second is an indirect process in which the lightning stroke tal .s
place between the negative charge center and the pcsitive charge center in the cloud. Because the
positive charge that is neutralized by a stroke within the cloud was produced by corona from points
on the ground, this process effectively transfers n-gative charge to the ground.

According to the theory, for several reasons it is unlikely that lightning st—okes could com-
pletely neutralize a thunderstorm. In the first place it has been shown that the two charge centers
have difierent rates of growth. Therefore it is unlikely that they would be equal when lightning
occurs. Inthe second place, in addition to the two primary charge centers there is a large quantity
of ne zatively charged air over the surface of the cloud and a large quantity of positively charged
air beneath the cloud. Even if the two primary charge centers were to be completely reutralized
by a lightning stroke between them, these secondary masses of charged air would provide sufficient
charge to maintain the electrification process.

One would expect that lightning strokes could completely change the normal charge distribution
in a cloud. For example, if lightning were to neutralize the negative charge in a cloud, the air at
lower levels beneath the cloud would still retain a large positive charge that nad been produced by
corona. This air, when it is drawn together intv the cloud, could, by corona, produce a new region
of negative charge near the ground before it is neutralized by lightning. One can imagine situations
of this sort in which a cloud conceivably might have an alternating polarity.

Variations of the model--Actual thunderstorms are doubtless far mor2 complex than the simple
model shown in Figures1, 2, and 3. It is interesting to consider the differences between actual
clouds and the one used as a model and how they might affect the hypothesis.

In the first place, thunderstorms usually consist of more than one cell. In such storms it is
likely that each cell operates in a manner similar to the single cell in the model. In this case
there would be dowadrafts carr—ing negative charge not only on the surface of the storm but also
within the storm between ths cells.
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s Thunderstorms are seldom as symmetrical as the model. In general, one might expect, be-
i_ cause of winds or because of differences in the air masses around the cloud, that updrafts would
be predominantly on one side of the cloud, with downdrafts on the other. This should not make
much difference in the charge-generating process that has been postulated. ]

/ small cloud probably very seldom grows continuously until it becomes a large one, as has
been ..sumed to be the case. Actually it appears that storms develop by a succession of clouds
that 1ise to some maximum height and then recede, to be followed by other clouds that rise and
fall until finally clouds form that reach great heights. In addition to the transfer of charge to lower <
levels resulting from downdrafts, a large amount of negative charge is probably also brought to '
lower levels because of the descent of the entire cloud. This process would constitute a sort of
pumping action in which negative ions from high altitudes become trapped on cloud particles or
Alitken nuclei on the top of the cloud and are then pulled down to lower altitudes by the subsidence
of the cloud.

According to the model shown in Figures 1, 2, and 3, the buildup of charge within a storm is
brought about by two different processes: (1) the conduction of charge from the ionosphere, and
(2) the production of corona from the ground. One can imagine conditions in which only one or the
other of these charge-producing processes takes place. For example, over a smooth body of water,
or over a land surface devoid of points, it is conceivable that corona might never take place and
that the electrification process would occur only at the top of the clcud. One would expect that the
negative charge might become much larger than the positive charge and that a greater fraction cf
the lightning strokes would take place from cloud to ground {or sea) than in a storm over an uneven
land surface that gives corona more easily.

If for snme reason the space-charge density at lower levels were abnormally large, it is pos-
sible that the charge of an electrical storm might be derived exclusively from the Earth by corona.
If this condition prevailed, a relatively small cloud at low altitudes would be capable of producing
large masses of oppositely charged air by corona. If, because of winds, there were relative motion
between the cloud and the air surrounding it, such
a cloud might produce masses of air contiining
many times its own original charge. This air,
when drawn into other clouds, might be capanle of
TOP VIEW | producing lightning. One can visualize a circula-
tory process such as that shown in Figure 6 in
which two clouds of opposite sign continuously
charge each other as the result of corona produced

}}‘; beneath them.

HES

i{i The electrification process is undoubtedly very
d SIDE ViEw | complicated in large, intense storms that consist of

mar. - 2ells. Most of the air {n such a storm and
near it probably becomes highly electrified. Under
these conditions, any growing cell would inevitably
draw in air masses that are highly charged with

:ji one sign or the other. It is to be expected that in
large, complex storms clouds will frequently
223 GROUND develop with a charge distribution quite different -
L from that normally found in sinaller and simpler
storms.

Fig. 6--Circulatory charging process

Conversion of electrical energy into kinetic
energy--In the discussion thus far an attempt has been made to show how the kinetic energy of an o
updraft or downdraft might be converted into electrical energy because of the movement of space :
charge in an electric field. According to the hypothesis, once the cloud has become electrified,
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there is nc reason why the reverse process should not be possible, that is, the conversion of some
¢“ the electrical energy in a storm back into kinetic energy through the acceleration in au electric
field of air that contains space charge. Indeed, when the cloud draws negative charge from the
ionosphere and positive charge from the ground, the air carrying this charge is first accelerated
toward the cloud by electrical forces. Qnly when the wind begins to move these particles away
from the ‘harge that induced them and toward the charge of like sign *hat is building up is the air
decelerared.

When the electric field and the space-charge density are small, the forces involved are negli-
gible. However, in an intense electrical storm, the space charge and fields are such that the
accelerarions resulting from these forces may be large. For example, in a field of 104 volts/cm,
air that contains a space charge of 107 elementary charges per cm3 will have an acceleration
equivalent to that which would result if its temperature were 50°C higher than the surrounding air
mass. If the acceleration produced by electrical forces colncides with the directions of the updrafts
or downdrafts, some of the elecirical energy of the storm will be transformed »ack into kinetic
energy of the air instead of lightning. Through this electrical process, the translational kinetic
energy of a large mass of air moving at a moderate velocity can be transferred to a much smaller
mass of air that will have a much higher velocity.

This hypothesis suggests that the extreme wind velocities in electrical sterms, which can pro-
duce hail and tornadoes, may be the result of thermal updrafts that are intensified by electrical
force . This follows the suggestion made by HARE [1840] that the tornado is an electrical phenom-
enon. The fr-quently reported buzzing sound associated with the tornado may be caused by intense
corona discharge which produces highly charged air near the ground that then is accelerated towards
a w:rge region of opposite charge.

1t is also possible that the electrical energy in a storm can produce high-velocity updraits as
the result of the heating produced by lightning strokes. FLORA [1953] quotes two different observ- 3
ers who reported that the Inside of the tornado appears to be a hollow cylinder illuninated with L
constant flashes of lightning. It would be expected that the irterior of a tornado would offer a low-
resistance path for lightning because of its low pressure, and that the heating and ionization pro- L3
duced by lighthing would further lower this resistance. If lightning flashes transporting 20 coulombs N
per stroke occur within the vortex at the rate of one per second, it can be estimated that the energy R
would be sufficient to produce an increase of about 100°C in the temperaturs of a column of air 50m e
in dlameter rising at 100 m/sec. If only a portion of the electrical energy developed by a large g“
storm were to be converted into kinetic energy by either of these mechanisms, it could supply ample &l
power for a tornado. %
The formation of precipitation--According to the generally accepted theory, electrification in “t
a thunderstorm is a result of the formation of precipitation particles. However, the reverse may A
be true, for, according to the hypothesis set forth in this paper, electrification can take place be- ,’g
fore any precipitation particles have formed. It is possible that electrification may play a large K
part in the formation of precipitation both below and above the freezing level. This is in accord E’J
with observations such as those made by RAYLEIGH [1875], GUNN [1952], and SARTOR [1953] that g
suggest that the stability of warm clouds may be influenced by electrical effects, and the experi- o
ments made by SCHAEFER [1947, p. 593; 1953, pp. 52-53] that show that the formation and growth Yy
of ice crystals is greatly modified by electric fields.
Relationship between charge on ionosphere and thunderstorms--This hypothesis is in accord .:
with the generally accepted theory that the positive charge of the ionosphere is maintained by the ;
electrical activity of thunderstorms all over the world. Furthermore this hypothesis shows how =
the transfer of negative charge toward the ground might take place by the transport of negative et
tons in downdrafts and of positive ions in updrafts. It is interesting that according to the hypothesis, i~
the development of electrical activity in a storm depends on the positive {onosphere t» produce the :-;-1
small positive space charge that initiates electrical activity. .’;
.
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If the hypothesis is correct, it might be possible to do the following things: (1) Prevent elec-
trical activity in storms locally by neutralizing the space charge in the lower atmosphere. (2) Pre-
vent electrical activity in storms generally by neutralizing the ionosphere. (3) Hasten the onset of
electrical activity in storms by increasing the space charge density in the lower atmosphere. (4)
Reverse the normal polarity of storms by changing the sign of the space charge in the lower atmos-
phere.

It is conceivable that the electrical process in the atmosphere is similar to an electrical in-
duction apparatus such as the Wimshurst machine. A machine of this sort that does not employ
metal conductors on the rotating plates has three stable modes of operation. One of these is
neutral, in which the machine produces no electrical effects, and the other two are those in which
a given electrode is either positive or negative, depending on the sign with which the machine was
primed. If this analogy holds, the present positive charge of the ionosphere might be fortuitous.

It is possible that in the remote past the ionosphere became positively charged, perhaps by intense
volcanic activity or dust storms, and that this charge has been maintained since that time by
thunderstorms. If the charge of the ionosphere or the space charge in the lower atmosphere were
reduced below a certain value, the process might no longer be self-sustaining. If this were to
happen, electrical activity would cease and the ionosphere would hecome neutral. It is also possible
that if the ionosphere had a negative charge the atmospheric electrical process might function as

it now does, only with a reversed polarity.

Conclusions--The possible merits of this theory of electrification as opposed to the charge
separation theory can best be established by measuring the distribution and density of space charge
in thunderstorms. If this theory is correct, these measurements should disclose large masses of
electrically charged air that are some distance from the region of precipitation, a situation that
would be unlikely if precipitation were responsible for electrification. Furthermore, these meas-
urements should show that in both the positive and negative regions of charge, the greater part of
the charge is generally in the form of small-charged cloud particles, and Aitken nuclei, rather than
precipitation particles. In some cases one might also expect to find that appreciable electric fields
had developed before the precipitation particles had formed.

In order to confirm the theory it will be necessary to secure a great deal more data on thunder-
storms than are now available and to show quantitatively how these processes can produce the ob-
served electrification.
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SOME REMARKS CONCERNING TBE EFFECTIVENESE OF THE LIGETNING ROD
AND THE DISTRIBUTION OF LIGHTNING CURRENTS IN TEE EARTH ';

J. Bricard

Institut de Physique du Globe de Paris E
Paris, France 43

Abstract--We calculate, at a given moment, the distribution of lightning currents
in the neighborhood of the spot struck by the flash of lightning. One supposes that, dur-
ing the partial discharge, the curreunt, which flows from the Earth to the cloud, travels
over a vertical rectilinear conductor, and has an intensity given by Golde’s formula
I=M (e'mt - e'm); t being the time, and m and n two constants respectively equal to
4.4 X107 and 4.6 X 10V, We take, as a maximum inte *sity I, = 25,000 amp. It is as-
sumed that the Earth is an homogeneous conductor, separated by a plane from the
atmosphere. We take the atmosphere as an equally homogeneous dielectric. It is
assumed that there is no hysteresis and that, owing to the relative small values of the
charges, there is no chemical dissociation in the ground. We transform these condi-
tions into Maxwell’s relations written in cylindrical coordinates, owing to the symme-
try of the problem. In this case, one can see that the components Ig of the current
density and Hx and Hz of the magnetic field are zero. The relations may he simplified,
and the displacement term € dE /dt (e represents the dielectric constant and E the elec-.
tric field in the Earth) may be disregarded when compared to the conductivity term in
considegration of the relatively high values of the electric conductivity of the ground
(o= 107 cgs).

Usingga particular integral and Carson’s method, we obtain equations for I, I,
and Hy. We draw the curves representing the variables in terms of z or r for values
included between 10 and 10% ¢ s, and we study in particular the skin effect and the po-
tential distribution under the l%arth surface. The results are discussed und compared
with experimental values.

Introduction--We assume that in the initial phase of a lightning stroke a conducting channel
which has the same potential as a cloud runs from this cloud down to the neighborhood of the
ground. A brush discharge emanates from the ground; one branch of this discharge makes contact
with the lower extremity of the channel whereupon a discharge rises from the ground in the direc-
tion of the cloud (return flash). The ground therefore supplies the charge that neutralizes the
charge of the cha. nel and of the cloud. The movement of this charge corresponds to the lightning
current. Such a current recurs with each partial discharge, the whole of which forms the light-
ning stroke. The latter is thus composed of a series of successive pulsations.

b

The phenomenon appears as if the current were channeled through a vertical conductor from
the ground to the cloud. Let us assume that during each partial discharge its intensity I, which
varies with time, is represented by the formula

I=M (D@t _nty e (1)

established by GOLDE [1948]. In this formula t is the time, and m and n are two constants equal
to 4.4 x 10% and 4.6 x 105, respectively. (It should be pointed out that these values are only indica-
tions and may vary greatly.) If we take a maximum intensity of 25,000 amp, we obtain an M of ”
nearly 33,000 amp. Since the duration of lightning is extremely short, the outgoing charge in this 3
process does not exceed a few coulombs.

The diplensions of cloud charges are of the order of one kilometer. Displacement currents E
accompanying the lightning current will be distributed in a volume limited by the base of these -
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charges and by the Earth’s surface, subjected to their influence. The intensity of these currents
across a horizontal surface perpendicular to the lightning channel, whose dimensions are small
compared to the base of the cloud, may therefore be disregarded in comparison with the intensity
of the lightning current. Especially the magnetic field of this current at a point near the ground
will yield t;xe relation H = 2I/r, in which r is the distance from the lightning channel, and I is
glven by (1).

Let us consider a vertical lightning rod that is struck by lightning, and let us take as our ini-
tial time the moment at which the current surge appears at the base of the rod. Let us next as-
sume that the resistance of the ground plate is zero; therefore, no difference exists between the
ground potential and that of the base of the lightning rod.

Let I{t) be the current intensityat this given point. Some researchers [BODIER, 1937] have ex-
pressed the belief that the current in the rod differs from that of the lightning, as represented by
(1), and that it can be computed from this relation if the reflections produced at the base and the
top of the lightning rod as well as the resulting vibrations are taken into account. However, this
would lead one to infer that a lightning rod of a given height is able to modify the lightning current
that strikes it, the resulting modifications being related to the height of the rod above the ground.
This appears quite improbable. Moreover, observations of NORINDER [J947] in open couniry as
well as investigations by McEACHRON [1931] of lightning striking high buildings do not show any
disagreement. In 3 first approximation we will therefore assume that these oscillations, if they
exist, are masked and that the entire discharge, including the oscillations, is represented by (1).
If necessary, the oscillations could easily be taken into consideration in the computation.

Consequently, the lightning wave rises again in the lightning rod with a propagation velocity
of v which is nearly equal to that of light. At height h above the ground, the intensity isI(t - h/v).

Let Z be the wave impedance of the lightning rod, which we may assume to be vertical and
rectilinear. Then, Z &~ \)L?C, where L and C designate the coefficient of self-induction and the
linear capacitance of the lightning rod, respectively. This value, which depends upon the size of
the conductor as well as upon its height h, is on the average 200 ohms (for h = 20 to 30 m).

At a given moment the absolute value of the potential difference [BRICARD and LEDOUX,
1951] between two points of height h and h + dh, respectively, is

dUy = L dh dI/dt = (Z /¥) dh dl/dt

where according to (1)

au; =(z/M M {ne'n(t'h/ v) _ me'm(t'h/ v)] dh

At a given moment the potential difference between a point on a conductor of height h and the
ground is given by the formula

U, = MZ [e-nt (M0/V-1) - e-mt (P Vop)y L

This reiation shows that the absolute value of the potent‘al difference hetween a point on the
lightning rod traversed by a flash of lightning and the ground increases with the elevation of this
point. It also shows that the instantaneous potential at the top of a lightning rod is a function of
but a single distance, namely, its length, and not the return distance as well (together with the
wave reflection from the ground), as has hitherto been assumed.

In addition to this there is the potential drop RI across the ground plate of resistance R, the
resulting potential difference being
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U =RI + MZ {e-nt (ehn/V_l) - e-mt (ehm/v-l)] Gt et e e ceeas (3)

For a good ground plate, R = 12 ohms at the beginning of the thunderbolt and then decreases to
1/4 this value after about three microseconds. Let us assume a peak current of 23,000 amp. The
maximum value of RI will be 300,000 V for a conductor of height h = 30 m; U wili then be of the
order of 50,000 V. This value evidently depends on the steepness of the wave front. For a front
that is four times steeper (maximum reached in one microsecond) we would obtain 250,000 V.
This explains why in most cases the influence of the ground plate remains predominant.

Distribution of lightning currents in the Earth’s surface-~Let us assume that the Fartl isa
homogeneous conductor separated from the atmosphere by a plane surface. Moreover, let us also
consider that the atmosphere is a homogeneous dielectric and that no hysteresis wiil take place.
Due to the insignificance of the outgoing charge, we need not consider the chemical dissociation.
We can introduce these conditions in Maxwell’s relations which must be written in cylindrical co-
ordinates in view of the symmetry of the problem.

In this case it is easy to see that the azimuth component Eg of the electric field as well as
the components Hz and Hy of the magnetic field are equal tc zero. If we give H in electromag-
netic units and the rest in electrostatic units we obtain at a specific point of the ground

_1 8Hy 3E, 3E, @
E at '5? ? .................. . . o o o 0 -

i(a_Eru}'rroEr):_iEQ... .............. e (5)
c ot dz

1 2Es 1o ;

(SR +amoE,) =T g2 @HY oo (6)

In these fcrmulas ¢ is the velocity of light in cgs units (¢ = 3 x 1010), o the electric conductivity
of the Earth, and ¢ its dielectric constant. The space z < 0 corresponds to a dielectric (air)
whose constant dielectric and magnetic permeability are both equal to unity. The permeability of
the Earth (conductor), for which z > 0, is unity. The starting point of the brush discharge, which
will firally produce the return flash (or the lightning rod) is taken as the origin of the coordinates.
Our position will be far enough from this point to avoid consideration of the arc discharge, whose
appearance, moreover, is limited to a zone of a very small radius.

Whatever thc shape of the lightning current in the ground, the magnetic field may be ex-
pressed as a functicn of time by a sum of the terms of the form Me'""t, the shortest period be-
ing of the order of 1075 seconds. The conductivity of the ground is normally of the order of 108
to 109 ogs; hence we may assume the inequality to be w = (27/T) < 27 106 <<o. The term
€ 3E ", corresponding to the displacement current, can therefore be disregarded with respect
1o the conduction term. Under these conditions (5) and (6) are simplified and become

(4m/fe) iy = - aH¢/az ....................... (1)
(4m/c) I = {1/r} 3/or (rH¢) .................... (8)

Here I; and I, are current densities. In order to obtain the I, we first determine H¢ from (4),
(7}, and (8) by eliminating E,. and E, and obtain

(4ma/c?) aBy /ot = a%Hy/ar? + (1/r) SHg/or - Hy/r% + 3%Hg/a2% ... .. 9)

According to BLINSKY [1938] the vertical and horizontal current densities are
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" R = V2422 (1)
\ . ) k=(\/27r0'w/c){1+i)=a(1+i).

If we constder or ly the density of the surface currert (z = 0) and the density of the vertical
current passing throu";h the zero point (r = 0), we find

|,27row/c)r os(wt - (V2mow /c) "-r (V2mow /c)cos wt]
r=0 L = (M/z'rrz )[? -z (VZ@ow /c) {-vimow /%% cos {wt - (V2mow /c) 2]

Near the zero point: ir=L = M/Zm-z = M/27rz There is a spherical distribution 5 the B
electric lines as if a dir2ct current were involved. However, this distribution is disturbed, and
the skin effect is felt. A's we mc7e away from the zero poin?, i decreases in relation to Iy, the6
more S0 since the groun« is more conduct Let us make 0 = 2 x 10% cgs and w = 27/2 X 10~
=« 10° For z =r = 10(' cm, the term z 27ra'w/( 's of the order of 0.5.

"
A LA SN L W L

2=0 I.=(M/2rr? )1 2

In reality, above we were dealing with a permanent system. One might ask whether under
transiert conditions the case would be the same.

Let us assume that H¢ is of the form

Hy = hy e e (13)

E where p is a positive constant, independent of time. Egq. (9) may be written

1 2 2 2 2 2 2
i 4rc/c) ph¢ =3 h¢/ar +(1/r) ah¢/ar - h¢/r +d h¢/az e (14)
1 One integral of this equation is given by the expression
- h¢ =(2M fer) {exp [- (2z/c) V7pa] - (2/R) exp [- (2R/c) V7 po‘]}
; Under these conditions

By=hgePt= (2M/cr){exp{ (22/¢) V710) - (2/R) exp [- (2R/c) VT PT) } ... (15)
The term MePt represents the current passing through the lightning channe.. However, the inten-

sity is not of the form MeP! but is represcnted by (1). It is this form that we must introduce in
(15).

==

ki

The method of CARSON [1929] consists in trying to find the Laplace transform of

exp [- (2z/c) V/7po] - (z/R) exp [- (2R/¢c) Y7 po]

Let us conzider the two terms separately. In fact, we need take only the first term; we may
then easily infer the transform of the second.

Let A(t) be the transform corresponding to exp [(2z2/c) \/Tpo]. Writing
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©
exp[- (22/c) Vxpc/p = / e-pt Al &
(1

we have

(1/p) exp [- (2z/c) Vapo ]

ells

1-6(2z Vo /2c Vi')=1-6(z VmG /c VT Jfort>0
0 fort< 0

The quantity (1/c}) V7o /t is egual to the inverse of one length and 6 represents the error func-
tion. Likewise
1-8[(R/c) Vxo A fort >0

0 fort <o

(z/c) VAo fi
9=2/‘»/‘17_/0' exp (- v2) du

(1/p) exp [- (2R/c) Ympo) 2
with

Finally

AW = 2/er) {1 - 8[(z/c) VAGT) - &/R)) [1 - 8 ®R/c) VAOTE )| SR (18)

For t=0 8{w)=1 A{0)=0
t=o 6{(0)=0 A () = (2/cr) (1 - z/R)

Having determined the function A(t), the so-calied transmission function, we find the value of
the field Hsg [CARSON, 1929]

t
Hg = AO() + .4 I(t - v) (9A/3v) av
Since A(0)}) =0
t
H":‘/O‘ It-v)(QA/fov)dv.......... eeeseees. (173)

where 1 is the excitation function given by (1,. On the other hand,

3Ajav = (Zz/rcz) ’y’E/v?’/?‘{exp [- {zZ/cz) 7o /¥] - exp[- (Rz/'cz) 'n'a/v]}

hence
t
Hy = (22 /rc®)M V& f {exp[-(zz/cz) xa/v] - exp[- (R2/c?) m/vy(:-v)3/z}(e'm"‘f'-e"m’)dv
0
(1)
We may express this in the form
By = (a/rc VO{[I; - @/R) 5] €™ - I3 - @/R) 1) e‘"‘} .......... (18)
with
+ 0
je = f exp (- u2 + mz? no/cZu?) du
1V Jfe) vaon (19)

+ 0

J =
2 Jr/pe) yaon

(See two additional equations on next page)

2 2 22
exp(-u +mR ®o/cudu
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+ O

g = jf exp {- u? 4+ nz? 7r0'/c2u2) du
(zjc) Vo ft (19)
+

exp (- u? + nR2 qm'/czuz) du

] -
4 (R/c) Vroft

(See two additional equations on preceding page)

For z = 0, we find Hy = (2M/cr) (e”Tt - ¢-nt),

This expression represents the magnetic field of a rectilinear current in air at distance r
jrom the conductor. M (e~mt - e t) isthe intensity in this case. H is expressed in electromag-
netic units and M in electrostatic units.

The above relation, together with (7) and (8), enables us to compute the current densities at
any point on the Earth’s surface. The surface current density *. (z = 0) and the current density
L, (r = 0) are given by the formula

L= 04/ 27 0 1, @ e ™ -5, @) e ™

.............. (20)
L, = (2/22x1-5)[J3 (z) et -I4 (2) e™™]
if

+ 00

I5(2) = 22 exp (- v? + m 22 70 /c%u?) qu
/c) Vroft

o b oo (21)

I3 @)= u? exp (- u? +n 22 ﬁtr/czuz) du

(z/c) VAo St

Interpretation--Figure 1 represents the variations of }2, J4s I?", }4' as a functionof r or z

for o = 2 x 10° cgs at times t = 2 x 105, 5 x 10-6, 10-5, and 2 x 10-5 after the beginaing of the
discharge.

Wher r or z is very small, Jp=]J4 = V7/2 and ]zl = Li = V/n/4. Under these conditions we
sce that I,. and I, decrease as the inverse of the square of the distance, the process being similar
to the case of a direct-current filow in the ground.

The situation differs for larger values of z or r, since these quantities are not constant, and
the skin’effec{ intervenes. This becomes all the more pronounced as t increases, especially for
J4 and J4. Finally, in (18) and (12) we see that ncthing is changed, that is, when the time remains

constant, the products r V/o or z Vo also remain constant. At a given distanc~ from the zero
point, the skin effect becomes more perceptible since the ground is a better conductor. Thus the
skin efiect limits the depth of the current’s penetration and retards its flow.

Table 1 gives the results of computations for I, and I. for ¢ = 2 X 169, which corresponds to a
high value for the ground conductivity and to a mar'ed skin effect. I represents the current density
computed for a current of a constant intensity egual to the maximum intensity at the moment in
question. In view of their romplexity, the computations give only an approximate order of mag-
nitude. They have been carried out for horizontal distances and depths not exceeding 10 m. To
pursue these computations further is not necessary since with increasing distance currents become
too weak for the resulting voltages to have any practical importance.
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Fig. 1--Variations of J,, I, I, and J{ as a function of r or z, o = 2 x 10,
(a)t=2x10"5, (b) t =5x10-6, (c) t = 10-5, (d) t = 2 x 10-5

In general, the entire process occurs approximately as in the case of a constant current.
Deviations appear only for distances greater than one meter and have the effect of decreasing
the corresponding intensity by lengthening the duration of the current wave.

Let us assume that the ground has an electric conductivity comparable to that of metals. The
electric current flow in the Earth will then be retarded so much that the duration of the lightning
wave becomes negligible in comparison with the duration of this flow. Under these conditions we
can write (17) in the form

T T
n=/0' I(t-'r)(aA/at)dt=(aA/at)/: I(t-7)dt

where the term dA /3t can be considered as a constant in the interval 0, 7. The integral repre-
sents the total charge Q during the discharge. According to (17b) we will have in this interval -

H= (2z/rc2)( ‘\/Tr'/th) {exp [- (zz/cz) x0/t] - exp [- (Rz/cz) vrcr/t]}Q

where t represents the time computed from the beginning of the discharge. Of course, t is al-
ways greater than 7, the duration of the discharge. According to (7) and (8) the density of the sur-
face current I, and the current density I, will be given by

A B R o T o s B N T T B 0 S T D Y 7 0 e e e o o e T T e L
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Table 1--Values of Iy, Iz, and I for four values of t

t
zZ=r Item ———
2x10°8 | 5x108 | 100 | 2x10-5
cm
50 I 1.08 1.49 1.34 0.707
I 0.908 1.36 1.29 0.712
I 1.08 1.46 1.33 0.700
50 /2 Ir 0.535 0.743 0.671 0.354
Iy 0.421 0.773 0.623 0.357
1 0.540 0.730 0.660 0.350
100 Ir 0.263 0.370 0.337 0.178
Iz 0.182 0.309 6.309 0.179
I 0.270 0.370 0.330 0.170
200 Ir 0.058 0.091 0.085 0.059
Iy 0.031 0.063 0.071 0.045
I 0.136 0.185 0.1617 0.044
500 Ip 0.004 0.012 0.013 0.008
I 0.003 0.005 0.007 0.005
I 0.010 0.0i4 0.3 9,007
1000 48x10°9  0.001 0.002 0.002

Ir
I 6.0x10°7 2.0x10~% 75x10°4¢ 1.3x10-3
I 2.6x10-3 35x10-3 3.2x10°3 1.7 x 10-3

(4m/e) Iy = (42 0’1'5/04t2'5) exp (- 22 vw/czt) Q
(4m/c) L= (27 /rc2 t19 {1-exp(- ré 'xq‘/czt)] Q

where o = 1016 electrostatic units and t = 1074 sec. Iz is reduced to 1/12 of its value at a depth
= of one cm, while I, varies inversely as r as soon as the value of r reaches several centimeters.
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AN ANALYSIS OF ELECTRIC FIELD AFTER LIGHTNING DISCHARGES L4
Yuichi Tamura

Geophysical Institute, Kyoto University
Kyoto, Japan -

Abstract--The analysis of the electric field after a lightning discharge is based on a
following set of simple assumptions. A thundercloud is represented by a vertical dipole
of &ositive polarity. The electricai conductivity of the atmosphere increases exponentially
with height, and is not altered by the presence of the thundercloud. The electromotive
force in the thundercloud is represented by a constant current generator. It is assumed
that an electric field consists of three parts. The first is the field due to charge in each
pole which increases at a rate depending on electrical conductivity of the air at a height
of the pole; the second, due to space charge which grows with charges in the poles; the
third, due fo free decaying space charge which is released after a lightning discharge.
Characteristic dissimilarity of the form of the field recovery curve, observed after a
near discharge to that of distant discharge, is well interpreted by this analysis.
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Introduction--One of the most interesting features of the records of the electric field during a
thunderstorm is the ‘recovery curve’ of the field which follows a lightning discharge., Among many
types of the field recovery curves [see WILSON, 1921; SCHONLAND, 1928; WORMELL, 1939;
TAMURA, 1949], the simplest approximates an exponential form which is usually seen when a dis-
charge is sufficiently distant, The characteristic feature of this simple type has been regarded as
an important clue yielding an information about the manner of separation of charges in thunder-
clouds. A suggestion relating to such simple recovery curve was initially put forward by WILSON
[1921] in the following manner. In a thundercloud there presumably exist carriers of opposite
electricity baving sizes distinctive to the sign of electricity they carry. In the cloud, originally
neutral, vertical separation of charges will begin owing to the relative displacement of these

£ carriers under gravity, Under such circumstances the rate of accumulation of charge is not con-
;73 stant, but becomes less as the accumulation progresses, because two kinds of retardation may act;
g one as an effect of an electric field in the cloud against further accumulation of charges, and the
£ other as dissipation of charges by conduction. Assuming the rate of accumulation, with no retard-
:j ing effects, to be constant and each retarding effect proportional to charges accumulated, it will be

seen that the charges have to increase exponentially with time until a lightning discharge occurs.
Further, if the distance between oppositely charged volumes remains uncianged, the charges them-
selves will be propnrtional to the electric moment (defined as 2 X charge X distance between opposite
charges) of the cloud. Since the electric field intensity, neglecting the fine weather field, observed
i on the ground at sufficiently remote distance from a storm, is proportional to the electric rooment of
5 the cloud, the form of recovery curve of the field is also exponential having a time constant equal to
4] that of charge accumulation. Wilson’s suggestion has further been emphasized by WORMELL [1939].
) As far as the elementary prccess of charge generation in thunderclouds is concerned, theory of Simp-
son differs from Wilson’s. They, hovever, are in agreement with respect to the manner of charge
separation [SIMPSON, 1927].

Meanwhile, there is a point of view that the atmospheric electric field be considered as a field
accompanying an electric current rather than a static field, This is substantial if the spatial varia- «
tion of electrical conductivity of the atmosphere is taken into account, In recent years KASEMIR
[1950] has discussed various atmospheric electrical phenomena in such atmosphere and has made
a remark relating to the recovery curve of a field after a lightning discharge. KOLZER and SAXON
[1952] have estimated the electrical conduction current in the vicinity of thunderstorm under equilib-
rium condition, assuming the atmospheric conductivity increases with height.
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In the present paper the analysis of the elec-
tric field due to a thundercloud after a lightning Near storm.
discharge is attempted under the assumptions
that a2 simple dipole cloud is imbedded in the \\I\N\]\‘
atmosphere, the conductivity of which increases ~
with height, as postulated by HOLZER and SAXON x Distant storm
[1952). The analysis is further used in an inter- |d ‘== -
pretation of recovery curve of field. 9

-

Characteristic features of recovery curves—- it 2 i G
Records of the exectric fleld at the ground during 4 ta 3ty
a thunderstorm of positive polarity in which, as Fig. 1--Schematic zepresentation of field
often experienced in the later stage of storm Tecovery curves

activity, intracloud lightning discharges of simi-

lar scale occur repeatedly is schematically represented in Figure 1. At times ty, tz, .+, the

n + Ist, n +2nd, . . . discharges occurred respectively. The upper figure corresponds to a near
storm and the lower figure corresponds to a distant storm. In the former case, discharges occur
when the electric field is in a diminishing stage and sudden field changes accompanying discharges
are positive; while in the latter case, discharges occur some time after the field has attained its
stationary value and sudden changes are negative., The definitions of the near and the distant storms
are somewhat ambiguous, it may rather be distinguished by the forms of recovery curves. However,
consistent with the experience of the writer, the discharges within seven km and beyond 15 km will
be called near and distant, respectively. At intermediate distances from discharge there must be

a boundary where sudden field changes reverse sign. The field recovery curves at these distances
are somewhat complicated, In Figure 2 examples of records of near, intermediate, and distant
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Fig. 2--Examples of electric field of thunderstorms (observed at Kyoto); the
upper record is for near storm (16h 10m-16h 34m, Aug. 16, 1944);
the values in the record are distances of flashes measured from
lightning~-thunder interval; the middle is for a storm at intermedi-
ate distant (19h 51m-20h 03m, July 25, 13950); thunder was audible;
the lower is for distant storm (20h 36m-21h 00m, Sept, 1, 1943);

no thunder was heard
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storms obtained by means of the rotating collector devised by HASEGAWA [1940] are reproduced.
Although they are not the simultanevus records of same flashes, the recovery curves shown are
characteristic of the respective distances. Therefore, the correspondence shown :a Figure 1 is
conclusive,

It is of interest to examine, by employing a simple model of thundercloud and an atmosphere
of unifc~m electrical conductivity, whether the results of observation mentioned above may be
interpre:-ed or not. One of the simplest models of a thunderstorm is a vertical dipole of positive
polarity, upposite charges being equal in magnitude. The charges are assumed to be distributed
uniformly in spherical volumes, In this case the electric field intensity on the ground at sufficiently
great distance from a storm, is proportional to the dipole moment. Further, if the charge positions
are assumed to be unchanged, the electric field intensity is everywhere proportional to the charge
itself. If after a lightning discharge, the charges accumulate exponentially with time, correspond-
ingly after a sudden field change which is positive and negative for near and distant discharge
respectively, the field recovery will show an exponential form with a time constant equal to that
of charge accumulation, Since these circumstances do not agree with observation in which the
recovery curve for near storm clearly is dissimilar to that for distant storm, the simple picture
employed above must be abandoned. However, one of the factors affecting the recovery of the field
will be mentioned here. It is quite probable that below the base of cloud, a positive space charge may
be introduced by a point discharge from the Earth’s surface where a strong negative field prevails.
The dissipation of this space charge after a lightning stroke may have an important influence on the
recovery curve,

On the other hand, the most striking feature of field recovery is that of distant storm, as al-
ready mentioned, that a discharge occurs some time after the field on the ground has attained its
stationary state. In case the electric field within the cloud grows in direct proportion to the charges
in the poles, as assumed here, a discharge will occur when the field intensity reaches the critical
value, that is, the charge in the poles accumulates up to 2 hmiting value. It is quite likely that this
condition, in general, will be attained when accumulation of charges is going on and not at the state
when accumulation of charges has ceased. Conditions of initiation of lightning discharge may be
quite delicate, that is, heterogeneous distribution of ‘charge may strengthen a local electric field
sufficiently large to initiate a discharge even when the general tendency of the field is still unfavor-
able for a discharge. However, it is very difficult to expect that discharge occurs some time after
the electric field intensity, or the accumulation of charges has reached the stationary state. For,
from statistical point of view, the general circumstance of the field will determine the chance of the
initiation of a discharge allowing a certain fluctuation depending on the heteroger.uity in the field.
Therefore, because atmospheric conductivity is assumed uniform, a serious diffiulty lies in em-
ploying a sirrple model of cloud. I, however, at the later stage of charge accumulation, an assump-
tion is made that the polar distance varies so as to keeg the electric moment constant instead of the
polar distance constant, then electric field intensity at ren.ste distances from a storm will have
attained its stationary value in spite of the fact that the field within cloud is still growing tuwards
the sparking limit. Since the characteristic feature of the field recovery curve for a distant storm
may be interpreted to some extent, this tentative way of thinking is not developed he-e.

Meanwhile, many years ago, an important factor relating to escape of charge from thunderclouds
was pointed out by WILSON [1921]. He stated that in a bipolar cloud, rate of dissipation of upper
charge will be larger than that of lower charge on account of the atmospheric conductivity is larger
at the top of cloud than at the bottom: especially he suggested that the strong electric field at the
top of thunder cloud (being assumed to be positive polarity) may drag down negative ions from the
upper conducting layer to make the conductivity of the atmcsphere much greater than fine weather
value. Although recent observations carried out by GISH and WAIT [1950] showed Wilson's sugges-
tion does not hold and that atmospheric conductivity over the top as well as in the vicinity of thunder-
clouds do not differ from that of fine weather, it may certainly be said that the thundercloud 1s im-
mersed in the atmosphere whose conductivity monotonical increases up to a layer higirer than the
top of thunderclouds. Also, WORMELL [1939], in his detailed discussions on the recovery of the
electric field after a lightning discharge, has remarked that dissipation of the charges will
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not in general be the same for both charges. But he did not further discuss its effect on
the recovery of the field.

According to the writer's opinion, one way possible to interpret the characteristic features
of field recovery, which have been emphasized above, is to tzke account of non-un.form atmospheric
conductivity instead of uniform, as GUNN {1935] and HOLZER and SAXON [1952] employed in their
studies on electrical phenomena of thunder storms. In these circumstances, space charge outside
the poles should play a role on the electric field. In the following paragraphs an analysis of the
electric field after lightning discharges is attempted from this standpoint.

Model of a thundercloud, and assumptions--The analysis is based on a following simple model
of a thundercloud, and {undamental assumptions. In Figure 3, A and B represent positive and neg-
ative poles of a thundercloud respectively forming a ve tical dipole fixed in the atmosphere. A’
and B’ are the image of A and B respectively. Separation of electricity is assumed to be constant
rate, that is, electromative force is equivaient
toa constant current generator terminals of which

are A and B. The electrical conductivity of the iz
atmosphere {5 assumed {o increase exponentially
with height and not to be altered by the pres- A () +
ence of thundercloud. I o 6€2kz
(]
The coordinate system employed is cylin- <1 4 B C)—
drical (r, z); the upwardly directed axis of the l 2 0 Ground. ¢

dipole is taken as z-axis and its intersection
with ground is taken as the origin, centers of
A and B being (0, z1) and (0, z9) respectively. B' 4 v+
Dimension of A and B are assumed small rel-
ative to z; and zg.

’

Effect of the upper conducting layer which
is found as high as several tens kilecmeters
above ground is ignored, and the normal fine Fig. 3--The model of thundercloud
weather electric field is also ignored.

Analytical treatment--As the equation to be solved is, as shown later, linear in form, it may
be treated, conveniently, in the case of a single pole; when two poles are present the solution is
given by superposition of the solution for each pole.

At first, total charge Q as a furction of time t, in the positive pole will be considered. Let J,
be total current supplied to the pole, assumed constant. The total conduction current from the pole
to the atmosphere will depend on the electric ifield intensity as well as on the conductivity at the
surface of the pole. But, as the dimension of the pole is assumed small relative to its height, the
effective conductivity may be represented by 21 which is the conductivity at the height 2. Then,
putting A4 = 4')10' and Qg =17 /)\1

- -2
Q=qe™Mtugiu-e™Yy L (1)
where Q; and Qg are initiai and stationary value of Q respectively.

The electric field intensity E . due to Qg at any point P(z, r) in the atmosphere excluding the
region of the pole is represented by its components

Egs,z = QllZ - 27)/R® - (Z+ 21 )/R"

= Qgr(1/R% - 1/R?)

=
4s,r
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where R=[(Z - 27)2 + r2]05 and R’ = [(2 + Z)2 + r2]0'5, if variation in conductivity is neglected.
Similarly, field intensity Eqi due to Q; is

Eqi, z = Qfz - Zl)/R3 - (2 +Zy) /R

PP )
Egi, r = (/R - 1/R?)

Therefore, the field intensity Eq due to Q is

_F .eAlLt - amA1t
Eq-que +Eqs(1 T PP (3]

Let i be conduction current density, E electric field intensity, p space charge density and o
conductivity of the air. Then following relation hold at any point P(z, r) in the atmosphere except
the pole under consideration

divi=-8p/8t ....0cvevvsann SRR )]

sincei=cE and div E =47%p
div (QE/3t+AE) =0 .....ccovvunn... R (-

where 470 is replaced by A,

Special integral of equation (6) is
QE/3t+AE=0 ......... S €}
Eq. (7) is satisfied by
E=Ee™ ... ..l P (-
At

showing that the initially existing field decays as e ',
General integral of (6) is
BE/t +AE =AE_(Z, 1. t) .. ... st e PR )

where Eg is arbitrary vector satisfying the relation div AEq, = 0, and must be determined so that
E satisfies the initial and final conditions as well as boundary conditions in the problem. These
conditions are as follows:

(1) att =0, E =0 and 3E/ot = A{E 3 this condition means if there is no initial field, consequently
no charge is found anywhere, the initial'rate of field change must be determined by the initial rate of
charge accumulation in the pole; (2) at t+, E~Eg (E, is the final value of E); and (3) at any time,

E must be vertical at the ground and vanishes at infinity, and the relation Q = Qg(1 - e-A1l) always
hold at the pole.

Then E is found as
a1t
qse R

....... ... (10)

-A
AE, = AEg(1-e lt) +ME

where Eqs is given by (2).
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From (9) and (10)

-agt

= -e™M
SE/3t +2AE =aEg(l-e ™Y wnE e LA

o

Eq. 11 is satisfied by
At A1t =At; -aqt =X
E-= Es{l - A /0y - )M - e )} - Eg (g -] - e b W (12)
If at t =0, E = E;, solution of (11) is
- ~ait .14 ~A - -

E=Eet, 35{1 -e L ig/g -0 - ')} - Eg A/ - 0}e™ME- e (13)
putting E_ = Eqs + Ep » Where Eqg is the field intensity due to the charge in the pole at its stationary
ctate, and E, ;'is the geld intensity due to space charge in its stationary distribution; (13) is con-
veniently expressed in the other form as

-A . ~aqt =-A -
E :Eqs(l -e lt) +Eps{1 -e 1t+[)‘1/().1 - A]e 1" - ¢ t)} +Eie M. ceeeas(14)

L

Eq. (13) or (14) is general result of the present analysis indicating, as (14) shows, that the electric
field consists of three parts; the first is the field due to charge in the pole, the second is the field
uue to space charge, and the third is the free decaying field. Eg the final value of the field intensity
is obtained from the relation

AdivAEg=0... ... itttiiiiiinrrnnnnnns (15)

Using the fundamental assumption of the conductivity of the atmosphere, that is o = crerkz, {15)
becomes

divEs+2kEs,z=0........................(16)
where Es, z 1s vertical component of Eg.
This is equivalent to the equation which HOLZER and SAXON [1952] have derived and solved, namely
vl rocag/0z=0 ...... R ¢ |
where ¢ is potential of E,.
The solution of this equation to fit the present aim is
¢=Qe k(&2 kR/p - kR /gy e ...{18)
then the electric field intensity Eg is easily obtained.
Puttin, 2 = 0 and X =1,, (A5 = 47q) in (13), electric field intensity at the ground is given by
E=Ee o', Eg{1- e ML /0y - agle ™Mt - e"‘°’)} - Egfay/0y - 2] ™M - oY (19)

with

vl

E, = (-36/02), o = -2 “®FVz /R w2 /R ... e (20)

Eqe =-2QsZ1/R3 ... ... .. .. e (21)

&

where R = (r2 + zlz)o's.
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Corresponding to (14), (19) becomes
-2 -Agt ., —Ast - ~Aot
E:Eqs(l-e 1t)+Eps{1—e 1 +[11/(A1-Ao)j(e 1"_ ¢ xot)}a-Eiex(’ ... (22)

Numerical calculations--Numerical values are taken as: zj = 7 km, z5 = 5 km, the height of
positive and negative pole respectively; 0y = 1.8 x 1073 esu, 0, = 1.2 X 1073 esu, tne conductivity
of the atmosphere at the height 7 km and 5 km respectively, assuming A, =4 X 1074 esu and k = 0.11
per km; and are 80 coulombs and -120 coulombs for upper and lower poles respectively, assum~
ing J, = 1.81 ampere.

Calculations are confined to the electric field at the ground, because only ground observations
are used for comparison,

Stationary state: The electric field intensity at a stationary state Eg, which must be attained
if no lightning discharge occurs, is calcuiated from (20); Eqs: the field intensity due to charge Qg,
is calculated from (21); then E 55 = Eg - Eqs is the field due to space charge in stationary state.
These magnitudes at various distances from the origin are given in Table 1.

Table 1--Stationary electric field intensities at various distances

Q= 80 couiombs at z; = T km Q= -120 coulombs at z;= 5km
T Eq (v/m) | Eg (v/m) Egs (v/m) Eg (v/m)
km
0  204x10%2  520x10° -864 x 102 -134 x mg
4 192 x 102 324 x mg -411 x 1o§ -601 X 105
8 838 x 10 122 x 10 -129 x 10 -161 x 10
12 376 » 10 444 x10 -492 x 10 -496 x 10
16 189 x10 174 x 10 -229 x 10 -179 X 10
20 107x10 744 -124 x 10 -121
25 576 273 -652 -260
30 344 o -384 -102
40 150 204 x 107 -165 . -185x107,
50 783 x 1071 476 x 10 -850 x 10 -384 x 10

It will be worth while to note that space charge strengthens E;q near the storm and weakens it
at great distances, this effect is very large at great distiances.

Rising state: Electric field intensity in the rising state is calculated from (22). Examples of
these magnitudes varying with lapse of time are given in Table 2. In these calculations the initial
ield is assumed to be zero. The corresponding magnitudes of Eq are also given in the table,

The following will be noted. If the case of single pole is considered, the effect of space charge
on the electric field is not negligible even in the earlier stage of charge separation; while the case
of two poles forming a dipole, space charge does not affect the electric field much. Therefore, it
may be said, at least in the earlier stage of charge separation, the electric field due t5 a dipole is
determined as if the dipole were in the atmosphere of uniform conductivity, It is important, how-
ever, to remember that each pole has charge of opposite sign, but in general of different magnitude.

Field recovery curves: To obtain field recovery curves which are the graphical relation of
electric field intensity versus time after a lightning discharge, numerical values given in Table 2
are available, However, it is necessary to make scme assumptions as follows: (1) lightning dis-
charges occur betweea charges in the upper and lower pole; no cloud-ground discharge nor lightning
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Table 2--Electric field intensities {v/m) versus time (second)

atr=0km atr=50km
i E a+ E, Eq_ E_ E Eq+ E - E a- E_ E
¢ 0 4] 0 0 0 4 0 0 0 g

10 5970 6130 -12100 -12400 -6300 1590 15.38 -11,90 -11.41 3.97
20 10700 11200 -22600 -23300 -12100 2852 26.83 -22.16 -20.94 5.89
30 14500 15400 -31500 -32900 -17500 38,62 3560 -31.83 -28.67 6.93
40 17500 19100 -39100 -41600 -22500 46.67 4158 -3851 -34.29 17.30
50 13800 22100 -45800 -49500 -27400 53.09 45.81 -4505 -38.80 70!
60 21800 24800 -51400 -56300 -31500 ©58.i8 4847 -5058 -4222 625
70 23400 27100 -56400 -62606 -35500 62.25 50.18 -55.42 -44.86 532
80 24600 20100 -60600 -68100 -33000 6546 50.96 -59.59 -46.78 4.18
€} 25600 30800 -64100 -73000 -42200 66.12 51.21 -63.16 -47.96 3.25
00 26400 32400 -67200 -77500 -45100 70,16 50.74 -66.22 -48.70 2.04
13 27000 33700 -70000 -81700 -48000 71,80 50.00 -65.85 -48.85 1.15
z0 27400 34800 -72200 -85300 -50500 73.13 43,08 -71.06 -48.76 0.32

Egq4 represents the field due to the positive pole, E_ represents the field due to
the positive pole with space charge accompanying it; E,_ and E_ are corresponding
fields for negative pole; E(= E s E_) is the resultani field.

tov.ards atmosphere occurs; (2) in a lightning discharge half of the total positive charge in the

upper pole and a corresponding negative charge in the lower pole are neutralized; (3) space charge
outside the poles is not affected by a lightning discharge; (4) lightning discharges occur with a con~
stant time interval, this is the time taken for accumulation of positive charge to a specified quantity.

Together with above assumptions, the following remarks become important, It can be said
in (22), the electric, field intensity due to space charges, namely E, = E as{i -eAlt 2/ -

A)] (e7A1t - e'lot)} always h-~ *~ accompany that due to charge in pole, namely E, = SeTAlt
’ Charg y Eq = Eqs{1-e %%,
ere_fgr‘?_, when a discharge ¢ "tt=7,H E; = gl - e 1% chanées sudden?y toE%’ =Egg
(1 - e™2170), where 7>7,20,w  .generation of Eq thereafter will be represented by e
_ pra-Al(t-T -A1(E-T, “AUToH-T
E, = Ege 1 5+Eqs[1-e 1 )]=Egs{1—e 1o )] ceeeees..(23)

Consequently, at the instant of the flash, Ep is divided into two parts; the one is accompanyi
Eq, and the other, the free decaying part. ﬁey are ’ e

Ep = EPS{I - e'll('r{}-?"!‘t) + [AI/(*I - l&]{e_l}.(fo-'r*'t) - 8-10(70_7'#')}} s (24)

Erree =Efe 207 ... (@)
where

SALT AT - - - - H
E{=Eps{e 170 . g1 /0 -2 )™ - eMTo - g RoT Lo A°7°)J

Putting t’ = t - 7, after the discharge E is represented by

E= EQSI1 - e-Ai(TOR’)] + Eps{i - e-ll('ro'l’tt) + {Al/()‘l - ko)][e‘ll('fo-ﬁ') - e"lo('ro-i-t')]}

“AnlT “Ant’
~Ee °(“°+E'e O e e e e e .. (26)
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In practical calculations it is convenient to select the instant of a flash as a new origin of time,
consequently initial conditions must be selected suchas,att/ =0, E = Eie"‘o'r + E{.

Now recovery curves of the field will be found as illustrated in Figure 4 (this corresponds to ¥
the case of the field at r = 50 km, the lightning interval is about 74 sec and there is no field initially).

3 : 1 1
Second 40 20 120 160 200 2%0
Fig. 4--Method of drawing {ield recovery curves

Curves E;, and E_ represent the electric field due to the positive pole and that due to the positive
pole with space charge accompanying it respectively (see {22)); curves Eq- and E_ represent cor-
respandmg fields for the negative pole; curve E represents the resultant ﬁeld (E,+E)).

It is assumed that half of positive chirge in the upper pole and corresponding negative charge
in the lower pole are neutralized at t = 100 sec. Then, Eq changes from a to ¢, correspondingly
Ea_ changes from o to 7 {o¢y= (85/1.5 x 78.3) X 2¢, referrxng to Table 1). Conseq:.ent}y E changes
frometof (&f =3c - &y). After t.he discharge each field which was formerly represented by E q+?
E;, E;_,and E_ will grow along E! | E’, E}_and E’ respectively in the same manner ss if the
fermer started from m, n, € and n%especixveiy The resultast field E'(= E, + E’} wiil grow start-
ing from g. The magmtude of electric fields reieased by the discharge of positive and negative
charges in the pcles are cd - b and aB- 7§ respectively, therefore, total released field is cd - ab
+aB- & which equals - gf. Then the magnitude - Ef is the initial vaiue of the free decaying field
released by the first discharge. The resuliant of £ and the free decaying field is the field recovery
curve aiter the first discharge as represented by E (after 100 sec).

The second discharge occurs at t = 174 sec. At this instant, as in the case of the {irst discharge,

and E]_ change from a’ to ¢’ and &’ to 7y’ respectively. Consequently E’ changes from e’ tc {/ or
E%vaﬂes%rom i"to e =1 ;') The curves E7 ., EY, 35- and E? shown after the second discharge
have the same meaning with E]_, E{}_ and E7 respectweig. The resultant E®{= E* + E*) grows
starting from g! Therefore, the maz‘utude of -g’j’ is the iniiial value {(at t = 174 sec) of the free
decaying field which cansasts of two parts, the one is released by the second discharge and the other -
is remainder released by the first discharge. The resultant field of E®and the free decaying field
are represented by E (after 174 sec) showing the field recovery curve after the second discharge.

By similar procedures the {ield recovery curves after the subsejuent discharges will be obtained.

Using this graphical method, recovery curves for various values of r are cbtained and shown in
Figure 5. In thic case it is assumed at t = 0, e.eciric field was absent and at 3 90 sec the first
discharge occurred neutralizing 35 coulombs (= 0.5 x 80 x (I - e4% X 1.6 X 1073 x 90, coulombs).
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Thereafter the discharges repeated with the constant interval of 67 sec. Curves for r = 0 km and
r = 20 km are representatives of near and distant storms resvectively, Curves for r = 8 and 12
km are examples of storm at intermediate distances. These carves well represent the character-
istic features of those in Figure 1 as well as Figure 2.

A
Yin r=0km

\L r=12km

500 - L— L— L

- r=20Kmn
113 \-l/——’—__l/——'l/’_-l/
=200 L 1 1 i 1 1
Second. 120 160 203 240 280

Fig. 5--Field recovery curves at various distaaces {calculated)

Discussion--Relating to the mathematical analysis and numerical calculatioas performed in
the previous paragraphs, the following remarks will be necessary:

{1} The recovery curves in Figure 5 were obtained assuming that half of total positive charge
{and corresponding negative charge) was neutralized. In the case the total positive charge is
neutralized, important features of the curves will not alter. Aiso, it is obvious that thr form of
the curves does not depend on the magnitude of supply current J,. On the other hand, the charac-
teristic features will depend on the interval between lightning discharges. For more frequent dis-
charges than assumed in the example, characteristic features of field recovery for a distant storm
becomes less marked, namely discharges will occur when the field is in rising state. This matter
is also the same in actual storms having very frequent discharges.

{2) It has been assumed the supply current J_ is constant, If this current diminishes owing to
the retarding effect of the electric field within cloud, instead of by (1), Q will be expressed by

- -

Q=QeMtiqu-etutiy e @n
where Q¢ = Jo/(x +) and <y is a positive quantity depending on the retardation. This modification,
however, does not affect the course of the analysis remembering A1 be replaced by Ay +y except
for free decaying term. For exampie, (22) is replaced by

-(Ay+m -+t
E= Eqsu -e { 1*”’“) + EPS{I -e A1+ +[(ag +7/(0y +'y-ho)]

[e_ulﬁ)t - e'aot}} + Eie-lot. ettt e (28)

where E ¢ and E ;. are A31,/(A; +7) times those in (22). Resulting recovery curves will have similar
features to those shown in Figure 5.

(3) In case a simple dipole cloud is imbedded in an atmosphere of uniform condactivity, as pre-
viously pointed cut by WILSON [1921], the following relation will hoid




(8E/at) 4 7

e (29
E Q

where (8E/dt)t( is initial rate of field recovery, E is the sudden field change accompanying light-
ning, J is the supply current in a cloud and Q is the charge destroyed by lightning, Since the left
hand side of (29) is measurable, as has been done by WILSON [1921], SCHONLAND [1928] as well
as WORMELL [1939], J4/Q will be estimated by the observations of electric field on the ground.

Accordirg to the present analysis, corresponding relation is

(3E/dt)t=0 + AoE{ _Jo
E Q

Eq. (26) as well as (30) are obtained assuming initial accumulation of charge is absent. If
initial charges are present these relations will become more complicated in form.

...... I & )]
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MAGNETIC-FIELD VARIATIONS IN THE VICINITY OF LIGHTNING
Harald Norinder

Institute of High Tension Research
University of Uppsala, Uppsala, Sweden

The investigation of the electromagnetic field variation in lightning strokes involves a problem
of considerable experimental difficulty. Two essentially different methods for such an investiga-
tion exist (a) the linear open antenna method [NORINDER, 1952], and (b) the closed antenna or frame
aerial method [NORINDER and DAHLE, 1945]. The variations using cathode ray oscillographs in
combination with an antenna system and aperiodic amplifiers are analyzed in both methods. When
an analysis is required to show details of the electromagnetic variation features of the lightning,
the open antenna method has drawbacks.

My intention here will be to give an account of unpublished results of the variations . :he mag-
netic field recently obtained by the frame aerial method. The measurements were carried out dur-
ing the thunderstorm season of 1953 at the Institute of 1Jigh Tension Research, University of Uppsala.
In the investigation, two frame aerials have been used, the plan¢ of one was perpendicular to and the
plane of the other was parallel to the Earth’s surface. Hence it was possible to analyze both hori-
zontal and vertical magnetic-field components. The vertical field components are the chief interest
of this paper.

The investigations have been carried out by using two separate field stations, one, Husbyborg,
situated at the Institute and the other, Funbo, at a distance of 12 km. One of the two measuring
stations used during the trials is shown in Figure 1. The oscillographic equipment of one of the
stations is shown in Figure 2.

Fig. 1--Field station, Funbo, for measuring magnetic-
field components from lightning strokes
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The signals have been recorded by applying
two different linear time bases with sweep times
of 100 usec or 5000 usec respectively. The

- main part of the lightning strokes was recorded
with the longer sweep time.

Before passing to a detailed treatment of
the results I am forced to make some remarks
with regard to the configurations of the light-
ning path. We must not forget that regular
forms are exceptions. Some photographs taken
by the French author, Sourdillon [1953], who has
used a method to photograph lightning paths in
full daylight, will support this opinion (see Fig.
3). As cun be observed by the photograph the
lightning paihs are indeed very complicated. If
we are operating simultaneously with frame
aerials in vertical and in horizontal planes, we
1 will thus obtain very characteristic components
on both systems.

Rt T

:
§
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e

During the thunderstorm season of 1953
about 5000 oscillograms were obtained within
a distance of 20 km from lightning discharges.
A little more than half were too complicated
to permit an analysis. Our treatment has been
limited to about 2300 lightning strokes.

) H
|

H

- §

Some originals of the recorded oscillo- Fig. 2--Cathode ray oscillographic equipment
grams are reproduced in Figures 4 and 5. used for investigations

Evidently the variation phenomena that we
have to analyze are very complicated and it !5 always necessary to be very careful when analyzing
the curves.

The data gathered show such variation in form of lightning discharge that there is difficulty in
presenting them.

A survey of the distribution of polarities is shown in Table 1. We observe a very marked pre-
dominance (about 90 pet of the field forcevalues) with negative amplitude, indicating currents
frcm negative-charge concentrations. This 1s in full agreement to what has resulted from our earlier
investigations [NORINDER and DAHLE, 1945]. The unipolar positive values are observed in three pct
of the cases while discharges showing the same order of magnitude for both polarities occur in five
to seven pct of the cases.

The thunderstorm cloud considered as a machine generating multiple strokes with a pronounced
regularity follows from a glance at the sequences of multiple strokes passing in the same ligitning
channel, This is exemplified by Figure 6.

Of interest are the field amplitudes of the predischarges as compared with the ones following
the main and partial discharges. The relations are in general varying between a few per cent and
in exceptionai cases up to 20 pet.

Variation of the magnetic field characterized by a <ouble polarity where the variation in ampli-
tudes attain values of about the same order of magnitude are rather scarce.

AL -&;;;‘.:;;&‘.{l‘ }‘-;;i L N : i = PP R s TS S " - A ";:".‘;4'«’:
3 * E '. = - - - o - -

W N
e i



F.r T iy 7 T2 T R S T Tm Ve VT Re A IR - T LRSI

S TS S T BT BT R R ADAL RN N SR A M AN A A T M AN IZT G N NN K S L X ] K S X S |

203

Fig. 3--Photographs of lightning strokes in Fig. 4--Original of recorded oscillograms
full daylight taken by Sourdillon showing used in investigations
complexity of discharge procedure

-~ N .

Fig. 6--Recorded multiple strokes in
the same lightning path

Fig. 5--Original of recorded oscillograms
used in investigations A close examination of all available magnetic-
variation forms render the immediate impression
that they are characterized by rapid superimposed
variations either occurring only at the fore parts of the curves or extending along short or long parts
of the variation curve. Nevertheless there exist typical exceptions from the form mentioned where
the recorded magnetic-field variation shows a quite distinctive lack of any rapid variation. This type
must be caused by an integral effect originating from a lot of streamers between volumes with oppo-
site polarities. The discharge has sometimes the feature of a glow discharge, and sometimes con-
sisting only of repeated predischarges. Personally, during heavy night thunderstorms i~ mountainous
- regions in Switzerland, I have observed very extended volumes with the typical feature of a glow dis-
charge process. A second justification that we have to deal with glow discharges is based on the
very slow sloping fronts that are characteristic of the variation type mentioned.

i
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Table 1--Distribution of polarity A general survey of the variation types of
) ] the magnetic field results very often in curves
Stations: Husbyborg and Funbo 1953; vertical with superimposed and typical rapid variations.
frame; time base: 5000 usec The successive steps have considerably varying
amplitudes and the time intervals between them
Item nggfgér Negative | Positive ;i)‘i;?}:y also vary.
pet pet pct The superimposed rapid variations can in
First 934 9 other discharges he spread out over the whole
discharge 0 3 1 cur :
ve with a characteristic stepwise starting
Following development on the frontal part or over the whole
partial 1352 92 3 5 of the curve. Rapid variations are seldom located
discharges on the back parts of the curves. Sometimes a
Total and very strange form of the magnetic variation curves
averages 2280 91L.5 2.9 5.8 has been obtained with jagged and great variations

extended over the main part of the curve,
In general the variation forms of the magnetic tield are more changing than would be expected.

The analysis carried out of the distribution of the number of multiple strokes show that the
most frequent numbers in the same path are two and three. As many as 17 have been observed.

The use of a long time base ot 5000 usec

allowed measurements of discharges of an ob-
viously long duration with their half time values %|
attaining up to 4000 usec (see Fig. 7). Evidently
many of these discharges must be caused as an 20
integral effect from a number of currents con- ]
sisting of very weak glow discharges between 7
ionized volumes inside thunderstorm clouds. b B ? &7

An analysis has been carried out in order L ]
to estimate the percentage of the total discharge b
time which has been covered by the superim-
posed rapid variations. The most frequent pe- s
riod covered a time below 20 pct of the total
duration of the curve. = i

° 1000 2000 3000 “won yu T

The superimposed rapid variations are
interesting from a special point of view. In Stators: HeF 1953 Verteat trame
the International Union of Scientiiic Radio Tee base SO0Oms  He method
(URSI) General Assembly a wave-length of
about 11 km was recommended as the most
suitable one for tuned direction finders adapted Fig. 7--Distribution of half-time
for locating distant thunderstorm centers. This values of duration
wave-length was determined experimentally.
The author has stated [NORINDER, 1952 in an investigation of the electric field components from
lightning strokes that quasi-periodic wave-lengths of the values mentioned occur as superimposed
both in predischarges and in the main and partial discharges of lightning strokes (see Fig. 8). Hence
it is of a special interest to find out if such quasi-periodic superimposed rapid variations of wave-
lengths of the order mentioned also can be discovered in the variation curves from the magnetic
field. A test has been carried out dealing with the superimposed variations on the fore or frontal
parts of the magnetic curves. It showed (see Fig. 9) that the quasi-periodic wave-lengths which
occur frequently, are located between 7.5 and 20 km.
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The records obtained with the short time
12 base of 100 u sec permit the analysis of shorter
% _ BE superimposed quasi-periodic variations. Curves
from the vertical-frame aerials have heen used
= — and show an accumulation of wave lengths of 300
87 to 600 m.

: The time during which the lightning current
- 4- will reach its peak value has always appeared as
an interesting problem. In the first place we will

; consider the results using the time base of 5000

- 0 11 11 @ sec. In this case we will obviously be able to

] 12 20 30 40 50 ke observe frontal rise time values of a very con-

25 15 10 75 6 km £ siderable length. The distribution of fronts show,
in fact, that the main part of the frontal times do
not exceed 200 i sec. But values somewhat longer

Fig. 8--Quasi-periodic wave lengths as than 1000 p sec have also been observed. Evident-
= measured by method of electric ly we have to deal with slow moving discharges of
- field variations a glowing type between charged volumes without a

development of sparks in the usual sense. Some-
times the long durations of the frontal times may be caused by very long lightning sparks.

= The slow moving time base variation did not allow an analysis of the rapid frontal variations

1 which are of special interest from many points of view, especially as they cover the fronts of the

e shortest lightning sparks or discharges between charges of opposite sign. This circumstance has
1 caused us to investigate the frontal values by using available oscillograms from both vertical and
- horizontal frames operating at a time base of 100 u sec. Both the H and dH/dt method have been

= used in this analysis.

The result is extremely interesting. The % -

values taken on horizontal frames showed very » —
short frontal values with the most frequently dj E
= occurring beirg two or three u sec respectively. » ,f
= The most frequent values as calculated from the e
= vertical components are from six to nine usec 5 4 A=300000t {xm}

(see Fig. 10). ThedH/dt method agrees very well
with the H method. The values are in very good
= agreement with what has earlier been obtained
1 [NORINDER and DAHLE, 1945] when vertical g
] lightning strokes were measured. It seems to

= be too eariy to present z correct physical ex- ° B » p e o A

= planation cf why the horizontal components are

= characterized by mauch shorter frontal values, Stalons HeF 153, Vertical trame
The most plausible explanation appears to be Teme bases 5000 us H- method
that the horizontal components in many cases
are caused by short discharge paths as com-
pared with the discharges that are causing ver- Fig. 8--Quasi-periodic wave lengths
tical magnetic-iield components. In this con- iocated in the frontal parts of
sideration the very long horizontal lightning discharge magnetic curves

paths are excluded. Their long duration requires
another measuring technique.

A statistical study has been made of the frequency of *he occurrence of vertical components of
the maximal magnetic field where the values are collected from recorded discharges within the
sensitivity region raentioned before of up to 19 km from the stations. The most frequent values are
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found below 50 x 10~4 gauss. Values as high as 200 - 300 x 1074 gauss have also been measured
(see Fig. 11).

The ratio of the field force observed si-
multaneously on the vertical and horizontal A
frame aerials has been computed. The ratio “ { i E
is given for different distances in Table 2. > R
The horizontal frame records about 30 pct of o

the field force taken simultaneously on a ver-

tical frame. T
© 20 » 40 =

Table 2--Compzrison between field force
values from vertical and horizontal e e 00 e e
frame aerizls

Fig. 10--Analysis of frontal values by rapid

Station: Husbyborg; H method; time base time axis of 100 gsec obtained by vertical
100 usec; 1953 frame; both H and d8/dt methods were used
Lightning | Amplitude ratio: Horizontal !
distance frame /vertical frame The distances between the lightning strokes
km pect and the observation stations could be obtained
0-3 27.6 for a number of cases. These distances have
3-8 36.5 been plotted against the recorded variations of
6-9 22.5 the vertical magnetic field. It is well known
9-12 20.8 from earlier investigations that the peak values

of currents in lightning strokes vary within wide
limits [NORINDER and DAHLE, 1945]. From this it must be anticipated that the variation oi peak
values of the magnetic field with distance will show considerable scatter (see Fig. 12). A marked
decrease tendency of the amplitudes is visible at distances greater than six kilometers. The max-
fmum value attained during the observation period was 250 x 10~4 gauss.

—

Ml 3 Nglon:H WS _Vetcs wrame 107 gauss
Time bote: 8000 yg  H-mulbad
04 ] 200
=0 o
w0 .
P .
0 -2
» 5 n L 20 km
Station: B 1953 Vertical trame. First discharges.
° 300 gmme Time base:5000u3. H-method. Distances by vis. 0bs.
Fig. 11--Maximum magnetic-field variations Fig. 12--Scatter diagram of distance
recorded by vertical-frame aerial within versus magnetic field force
sensitivity range of 19 km from anteana using vertical-frame aerial

Of greatest interest is an analysis of the magnetic-field variations taken simultanecusly Irom
the same lightning discharge on two stations. In this we have used in our preliminary investigation
the stations at Husbyborg and Funbo. More extensive measurements of this problem are under
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preparation. Some examples of the results thus
far obtained (see Fig. 13) show a very good

agreement. In an investigation that we are pre- PP
paring, an analysis of records will be under- 7 02"
taken where the distances between the stations vert.
used will be diminished to about the half of
that mentioned. Husbybery Furbo
P — T

A, more extensive account of these Inves- T oyl v 00045
tigat. 2us will be published in Arkiv for Geo- \/
fysik, Kungl. Svenska Vetenskapsakademien,

Stockholm. o
BOxW*

Summary--An investigation has been car-
ried out to analyze the variations in the mag-
aetic field produced by lightning discharges.
The frame-aerial method introduced by the Fig. 13--Magnetic-field variations from the
author was used. Both horizontal and verti- same lightning discharge recorded simultaneously
cal frame aerials were used to record the at two stations 12 km apart

respective components of the variations in

the magnetic field. The measurements were undertaken at two stations 12 km apart. Both stations
were equipped with specially constructed recording cathode ray oscillographs combined with ampli-
fiers. By an integrating circuit in the units the oscillographs recorded directly the variation curves
H of the magnetic field. In some cases another recording method was introduced by which the first
derivative dH/dt of the magnetic field was obtained directly.

Withia the measuring distances of up to 19 km from the lightning paths the investigation yielded
values of the magnetic field up to 200 - 300 X 10~4 gauss.

An analysis of the variation in the magnetic field was carried out either by using a rapid time
varlation axis of 100 usec or a slow moving one of 5000 usec, an arrangement which permitted the
measurement not only of rapid time variations but also of extremely slow ones. The latter were
evidently caused by glow discharges between volume charges of opposite sign within the thunder-
storm clouds. The rapid variations were related to shorter or longer sparks in the lightning paths.

Simultaneous measurements of the magnetic-field variations produced by lightning discharges
with frame aerials in vertical and horizontal planes indicated that the amplitudes of the vertical
components of the magnetic field attained, on an average, only 30 pct of the horizontal components.

Simultaneous records of the same lightning discharges at the two stations situated 12 km apart
showed very good agreement.
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EXPERIMENTAL STUDY OF ELECTRIFICATION OF SNOW 3
Harald Norinder and Reinhards Siksna

Institute for High Tension Research
University of Uppsala, Uppsala, Sweden

Introduction--Elecirification of snow is a phenomenon that has been known for a long time, but
the results obtained by the many investigators of it have frequently been contradictory. The problem
has recently been taken up for renewed consideration. There are two particular flelds where know-
ledge about the electrification of snow may be of importance. The first of them concerns the so-
called precipitation static, that is, the electrical disturbances interfering with telecommunications
when an aeroplane flies through a snow cloud. Some of the results of such investigations are to be
found in publicat’ons of the U. S. Army-Navy Precipitation Static Project [U. S. ARMY-NAVY PRE-
CIPITATION-STATIC PROJECT, 1946]. Since practical considerations were paramount in this pro-
ject, the general problems associated with the electrification of snow were of secondary significance;
but the report nevertheless contains results of a fairly general importance. A more universal treat-
ment of the phenomenon in question is given in another report on precipitation static, from research
carried out on behalf of the U. S. Army Air Forces [SCHAEFER, 1948].

Another field, in which it is of importance to kmow the phenomena of electrification of snow, is
that relating to the production of electrical charges during thunderstorm conditions. CHALMERS
[1953] states that he has succeeded in extending the results of an investigation of electrification of
snow by friction carried out by PEARCE and CURRIE [1949]. He says that, as a result, he has suc-
ceeded in confirming the ice-friction theory of SIMPSON and SCRASE [1937] which was developed to
explain the production of the thunderstorm electricity.

It might seem that the problems associated with electrification of snow approach a status of
definite classification as a result of these recent investigations; but this is not the case. For one
thing, if the electrification of snow is investigated with a view to applyling the results obtained to the
explanation of other phenomena, or for confirmation of a given theory, the problem will be considered
one-sidedly. And, secondly, experimental investigations with snow are not so simple as they might
seem to be, owing to various properties, mostly unknown, of the thing investigated-~the snow itself,

A critical examination of the theories of charge generation in thunderstorms has recently been
given by MASON [1953] who states that ‘during the last forty years, at least eight different mechan-
isms for the generation of electricity in thunderclouds have achieved prominence in the literature.
Too often theories have been formulated without sufficient regard to all the available experimental
data on the behaviour of thunderstorms,’ It could be added that our knowledge of the experimental
data concerning electrification of the subjects related to the problem is not complete either, as will
be shown below.,

One of the authors [NORINDER, 1949] has discussed the possibilities of the genesis of a special
type of atmospherics produced within snow squalls. The ideas considered in that discussion have
largely inspired the present investigation, but some additional points of view of a more general P
nature were 21so taken into consideration.

The electrification of snow and related phenomena were investigated by raeasuring: (1) the charge
of snow when it is poured from a vessel into a funnel; (2) the charging of an insulated target cato
which snow was blown and the charge of the scatiered snow; and (3) the charge in air due to blowing
snow.
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Fig. 1--Device for pouring-snow experiments: F, funnel; C, collector; Sc, screening vessel;
E, connector for cable to electrometer

Some experiments concerning electrification of snow

A detailed account of this part of the investigation will be found in papers by NORINDER and
SIXSNA [1953b; 1954].

The electric charge on snow falling on a funnel--The device used is shown in Figure 1. Snow
was poured from a vessel into the funnel F. A cylindrical collector C was placed on the polystyrene
insulators I in the screening vessel Sc. The collector was connected with the Wulf bifilar electrom-
eter. The following vessels and funnels were used: metallic, paper-coated, and paper-coated, im-
pregnated first with water, frozen, and thereafter covered with ice by repeated immersion in water
and freezing,

Under the same conditions, snow was charged negatively when falling on metallic or ice surface,
and positively when falling on a paper surface (Table 1, Jan. 26 and 30, and Feb. 9), although under
other conditions it w.s negatively charged when falling on a paper surface (Feb. 1). The same snow
thus received charges of a different sign depending upon the surface onto which it impinged. The
properties of the ‘other partner’ defined th2 charge, and also the polarity, of falling snow. The mag-
nitude of the effect was further dependent on the structure of snow and on the temperature. Ata
lower temperature the effect was larger.
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Table 1--Electric charge in 10~-10 coulombs per gram of snow poured into funnel

Data Weathexf Tempgfature VSnow_r density Metal ] Iceel i Paper
1953 °c ;
Jan. 26 oo -4 0.5 (-) 0.38 (-)0.35  (+)0.37
(-)o.29
Jan. 30 e -1 0.24 (-) 0. {-)0.3 (+)1.3
Feb. 3 ces -1 0.22 (-) 0.98 cee e
-4 drifted (-) 1.00 N oo
Feb. 5 strong -8 0.25 (-)18.4 (-)1.0 a
wind {-) 8.8 e sos
(-)15.2 e e
Feb. 6 oo ~12 0.29 (-)35.4 (-)o.8sg 2
(-)38 {-)0.95
(-)39.4 (-)0.45
(-)o.42
(-)0.93
(-)1.19
(-)0.96
Feb. 7 wind -16 0.3 (-)21.0 (-)0.712  (-)1.56
old (-)23.0 {-)o.55  (-)1.36
granu- (-)22.0 e (-)1.35
lated (-)18.0 RN {-)1.44
e ‘e (-)2.24
s e (-)2.40
0.17 (-)28.0 (-)1.25  (-)9.20
fresh (-)26.6 (-)o.5s3  (-)0.12
soft
Feb. §  windless, - 9.6 0.47 {-) L.35 .o a
snow -8 old (-) 1.05 .o
falling granu- (-) 1.15 “ e
lated
(-) L.10 (-)o.3s 2
(-) 0.417 (-)o.15
(-) 0.94 {-)0.26
0.09 (-) 8.7 (-)145 (-)1.7
fresh (-) 11 (-)0.93 (-)1.5
(-) 1.6 .o Funnel
heated
up
.o . {+)0.67
e .o {(+)0.58
oo .o (+)0.45
e .o {+)0.60

andefinite, collector discharged independent on the polarity of the charge at the beginning.
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Table 2--Charge on insulated plates of various materials when hit by blowing snow

Charge {n 10-10 cor” 9bs, s6r gram of snow

Date Temperature Piate = Ph\. : beginning
&) ) wn-
charged charged charged
1853 °c
Feb. 13 -10 Aluminium {+) 6.2 ces
(+) 8.5 G, 2.0 oo
(+) 5.8 {+) 1.2 ‘e
Feb. 14 -5 ‘e ‘e (+)12.2
‘e .o (+)13.0
Feb, 13 -10 Pasteboard (~)40.0 (-)21.7 e
(-)37-4 (“)23:0 * 0 0
(=)36.1 (-)24.4 ces
Feb- 14 - 7 FQStEbOal‘d - s @ ¢« o s (-)2208
* .. L] (")25.0
-5 s LI (-)2906
= .- (“)25.6
Feb. 13 -10 Pasteboard (+)10.0 (+)18.6 (+)10.2
covered {(+) 6.3 (+)13.0 (+)11.8
with ice (+) 6.3 (+)11.7 (+)14.9
(+) 8.5 s e
Feb. 14 -1 Wood .es e {-)13.6
ERC I L] (_)1204
- * > L (“)1202
- s 8 * » a (-)14'6
Feb. 14 -6 Bakelite .o cen (-)1L.9
I - {-)11.8
N e (-)11.2
e cen (-)16.8
Feb. 14 -6 Plexiglas PN . {+) 3.0
vee e {+) 6.3
.- e {(+) 1.1
s ‘e {(+) 6.7

The electrical charging of an insulated plate when blowing snow--A device for snow blast was
built as shown in Figure 2. Snow was poured into a metallic funnel F connected with a flexible tube
T. Air was blown into the tube by an electrically driven blower B. The device was suitable for
obtaining a jet of snow which could be blasted against different targets, for instance, against an
insulated plate. The plate was charged up to a comparatively high potential even when using smaller
quantities of snow. Short sparks were occasionally obtained from the plate. The charging of the
plate was measured by 2 Wulf electrometer E (Fig. 2 (I)). The charge of the large snow particles
scattered was measured in the collector C (Fig. 2 (II)). The charge varied depending upon whether
the plate was insulated or grounded (Fig. 2 (II})).
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Fig. 2--Arrangement for experiments by blowing snow: B, air blower; F, funnel; S, stirrer;
P, plate of various materials; Ins, polystyrene insulatofs; E, electrometer; C, collector;
Se, screening vessel

A marked charzing effect was produced when blowing a snow jet against different targets: metal
and pasteboard covered with ice were positively charged, and pasteboard, wood, bakelite were neg-
atively charged, but a still betier insulator such as plexiglas was charged positively (Tables 2 and
3). The charge cbtained on pasteboard and wood was extremely large. On the cther hand, the charge
of a metal plate was highly dependent on the gquality of the surface. A greasy iron plate obtained
greatly varying charges. A snow block obtained an enormous positive charge. At a lower tempar-
ature the effect was larger also in these cases.

The importance of the surface--The experiments considered would seem o show coaclusively
the importance of the properties of the “touching’ surfaces. This is even more pronounced, as shown
by experiments at temperateres near zero, when dry pasteboard and wooden platec were negatively
charged, while the charge changed into positive when the plates were moistened. A similar, though
somewhat less pronounced, effect was also cbserved on metal surfaces.

Charge of large snow particles scattered from the plate--One fact seems to contradi